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ABSTRACT
MAPPING AND RECONSTRUCTING THE PALEOTSUNAMI RECORD IN
QUEULE, SOUTH-CENTRAL CHILE
by
Pedro Israel Matos Llavona
June 2019
Records of past tsunamis help constrain the long-term characteristics of
megathrust earthquakes and elucidate the role of sea-level in the preservation of tsunami
deposits. Near Queule, south-central Chile (39.3˚S, 73.2˚W), three sand layers interpreted
as tsunami deposits are interbedded with dark, organic-rich, silt deposits along a tidal
channel landward of a sand spit capped by eolian sand dunes. The uppermost sand layer
is attributed to the tsunami from the Mw 9.5 1960 earthquake. The sand layer is
widespread, tabular, oxidized, thins landward, and generally occurs at a depth of <20 cm.
The spatial distribution of the deposit corresponds closely with the extent of the 1960
tsunami sand on 1961 aerial photographs. We computed numerical simulations of the
1960 tsunami in Queule using the GeoClaw finite-slip hydrodynamic model based on
three published earthquake sources. The simulations showed inundation up to 4km inland
that overtopped the coastal dunes; agreeing with historical documentation and testimonies
of 1960 tsunami survivors.
Stratigraphically below the 1960 tsunami deposit are two tabular, landwardthinning sand layers with sharp lower contacts above silty organic-rich layers. Combined
radiocarbon ages of seeds, charcoal and wood fragments found at the contacts with the
iii

underlying organic layers yielded ages of 5460-5320 and 5990-5910 cal. years BP. These
sand layers have similar distribution patterns to the 1960 sand layer, but are finer grained,
thinner and less oxidized. Below this sequence of interbedded tsunami sands and silty
organic layers there is an abrupt contact underlain by a distinct sequence of four
inorganic silt layers alternating with dark brown organic-rich silts, which are older than
6280-6110 cal. years BP. The deepest studied layer is a thick, fine, gray sand. We
interpret the gray sand as a submarine environment during the mid-Holocene sea-level
high stand, and the alternating inorganic and organic silts as tidal to shallow sub-tidal
environments, possibly indicating co-seismic land-level changes. Gradual sea level fall
after the deposition of the two paleotsunami sand deposits that changed the
geomorphology of the coast and limited the accommodation space necessary to preserve
additional overwash sediments could explain the 5000-year hiatus with no evidence of
earthquakes or tsunamis. Further research will offer possible explanations for the
exception of the 1960 tsunami in breaking this long-term pattern.
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CHAPTER I
INTRODUCTION
Natural geologic hazards constitute significant risk to human life and economic
development. Although the nature of these phenomena varies, natural hazards can be
studied by the magnitude of their impacts and their frequency of occurrence (Dawson and
Stewart, 2007; Jaffe et al., 2011; Satake, 2014). Therefore, understanding the processes
that control the frequency and magnitude of natural hazards is a fundamental step to
improve preparedness, mitigate risks and increase resiliency at multiple levels, from
communities to critical infrastructure.
In human lifespan scale, megathrust earthquakes and tsunamis are natural hazards
with low frequency and enormous impacts, especially when they occur in tandem.
Although it is impossible to predict the timing of their occurrence yet; the understanding
of their long-term occurrence patterns is a paramount task (Goto et al., 2011; Goff et al.,
2012; Sawai et al., 2012). However, in most regions exposed to these hazards, this task is
hindered by sparse historical documentation in space and/or lack of time to capture the
frequency patterns of giant earthquakes and tsunamis (Dominey-Howes et al., 2006;
Dawson and Stewart, 2007; Satake and Atwater, 2007). To overcome these current
limitations, geoscientists have developed methods for reconstructing the occurrence of
megathrust earthquakes and tsunamis based on geological evidence (Satake and Atwater,
2007).
This study aims to reconstruct the occurrence of megathrust earthquakes and
tsunamis in a new site in Queule, south central Chile, where observations are limited and
no previous paleoseismic studies exist. This site is located in the area of main rupture of
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the 1960 Chile earthquake and was severely impacted by the tsunami caused by the
event. There is documentation after the 1960 tsunami event, but no earlier earthquake
observations (Weischet, 1960; Weischet, 1963; Wright and Mella, 1963). However, the
descriptions of the impacts of the 1960 earthquake and tsunami help to calibrate our
numerical simulations and aid in recognizing patterns of tsunami deposits at this site.
Moreover, Queule is located near the city of Valdivia, which has a complete catalog of
earthquakes and tsunamis since the arrival of the Spanish in 1552.
The main goal of this thesis is to increase our understanding of megathrust
earthquakes in south-central Chile by examining and comparing deposits from the 1960
tsunami and paleotsunamis near Queule, Chile. This goal is addressed through the
following research objectives:
1. Determine the spatial extent and sedimentary characteristics of the deposits from the
1960 tsunami and how they correspond to the inundation, site geometry and wave
heights, using a combination of field descriptions, grain-size analysis, historic aerial
photo analysis and numerical modeling of the tsunami inundation.
2. Determine the number, frequency, ages and possibly relative magnitude of past
tsunamis in the depositional record at Queule.
3. Assess how changes in the geometry or relative sea level of the site could affect the
accumulation, preservation and depositional characteristics of the paleotsunami record
at Queule.
4. Consider the results from Queule within the context of previous paleoseismic studies
in the region.
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Multiple proxies and techniques can provide evidence of the occurrence, timing
and magnitude of megathrust earthquakes and tsunamis prior to historical timespan (e.g.
tsunami sand deposits, co-seismic subsidence, shaking-induced offshore turbidites,
coastal lagoon overwash, inland lake turbidites, boulder fields, paleoseismic
geomorphology, liquefaction features, etc.) (Atwater et al., 1987; Kempf et al., 2017;
Moernaut et al., 2014) Goff et al., 2012) . Among these, coastal paleoseismology has
proven to reconstruct multiple aspects (e.g. co-seismic land-level changes and tsunamis)
of the natural hazards produced by large megathrust events (Atwater, 1987; Nelson et al.
1992). Co-seismic land-level change is recorded in the stratigraphy by sharp boundaries
between low-energy high organic horizons and non-organic mud. If co-seismic
subsidence causes organic-rich marsh soils to drop below the tidal range influence, then
the sequence found in the stratigraphy would be a highly organic horizon sharply overlain
by low-organic fine sediments. On the other hand, if the land-level rises co-seismically
and tidal sediment is uplifted above the tides range, then the stratigraphy would show a
moderate boundary between low-organic fine sediment to a organic-rich horizon caused
by occupying vegetation after the earthquake. Depending on site location and
geomorphologic setting, sand layers deposited by tsunami waves can be found within
these sequences.
Tsunami sand deposits can provide valuable information about the occurrence,
frequency and relative magnitude of past tsunamis at a particular location (Dawson and
Shi, 2000; Jaffe et al. 2011, Goff et al. 2012). In wetland stratigraphy, the occurrence of a
tsunami is determined by an extensive tabular sand layer with a sharp lower contact that
contrasts with the fine low-energy organic sediments that characterize a marsh
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environment (Bourgeois et al., 1999; Jaffe and Peters, 2010; Minoura et al. 1991; Atwater
et al. 1987, Nelson et al., 2009). The frequency can be estimated with robust
chronological constraints either by absolute or relative dating techniques guided by
historical documentation (Atwater et al., 1995; Cisternas et al. 2005; Cisternas et al.,
2017a).
In this thesis, I discuss the general subsurface stratigraphy and chronology of deposits
at Queule and the map of the 1960 tsunami deposits using field observations combined
with aerial images from 1961 and later years. Furthermore, I use forward tsunami
simulations to calculate hydrodynamic information about the 1960 tsunami in Queule and
compare it to observations from the 1960 tsunami deposit map and interviews with
survivors. Finally, I discuss the interpretations based on these findings and the
implications for the history of earthquakes and tsunamis in south-central Chile.
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CHAPTER II
BACKGROUND
Tectonic and Seismic Setting
Chile is located in the southwestern region of the South American continent.
Spanning 4,270 km of coastline (17.5˚S to 67.0˚S), Chile is bounded westward by the
Pacific Ocean and eastward by the Andes cordillera. The general tectonic setting is
controlled by the convergent plate boundary along the Chilean trench between the Nazca
oceanic plate and the South American continental plate (Figure 1). The Nazca plate
subducts beneath the South American plate at an average rate of 6.6 cm/yr (Angermann
et al., 1999). As a consequence, this rapidly subducting plate causes high shallow
seismicity along the plate interface, crustal deformation and volcanism (Bilek, 2011).
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Figure 1: Queule location and tectonic setting of south-central Chile showing the study
site (yellow pentagon); the subduction zone (red line), latitudinal extent of historical
earthquakes (black lines); and the 1960 co-seismic subsidence area measured by Plafker
and Savage (1970) (blue polygon). Previous proxy-based paleoseismology studies:
coastal stratigraphy evidence (magenta) and lake turbidites (blue) as a proxy for shaking
events.
Chile has experienced multiple great (>Mw 8.0) historical earthquakes and
tsunamis, including the largest earthquake recorded with modern instrumentation: the
1960 Mw 9.5 earthquake in south-central Chile (Lomnitz, 2004; Lomnitz, 1970; Ruiz et
al., 2018). Although the frequency of great earthquake occurrence in Chile is among the
highest in the world, there is significant spatial variability along the subduction zone
(Bilek et al. 2011). Melnick et al. (2009) proposed a segmentation of the megathrust
rupture zones in the Arauco peninsula (38˚S) dividing the central Chile segment from the
south-central Valdivia segment at the boundary of the 1960 earthquake rupture. Along
this southern portion of the subduction zone, there were three major historical earthquake
predecessors in 1837, 1737 and 1575 (Cisternas et al., 2017; Ruiz et al., 2018; Figure 1).

Queule Site Description
The study area is near the coastal town of Queule (39.3˚S, 73.2˚W) in southcentral Chile, 50 km north of the city of Valdivia (Figure 1). The area is bounded to the
north, south and east by Pre-Cambrian metamorphic bedrock headlands and to the west
by a sand spit capped by eolian sand dunes and the Pacific Ocean (Figure 2). In the
southern portion of the sand spit, there is a moderately indurated Pleistocene sandstone
outcrop ~50 m in height (Figure 2; Pino and Muslow, 1983). Although it is surrounded
by steep high-relief hills of ~100 m in height, most of the land in the study site, other than
the sandstone hill, is a low relief coastal plain (Pino and Muslow, 1983). The lands are
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generally wetlands and pastures used for agriculture and grazing. The climate is marine
temperate with dryer summers and wet winters (Pino and Muslow, 1983). The Queule
River is a low-energy estuarine river that flows southward parallel to the shore and is
influenced by semidiurnal tides (Pino and Muslow, 1983). Its sediments are mostly
composed of very fine sand and mud whose mineralogical composition suggests local
metamorphic bedrock as their source (Pino and Muslow, 1983; Rohas, 1986). The
maximum tidal range is 1.5 m (Jaramillo et al., 2001).
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Figure 2: Map of Queule general geomorphologic features (polygons) and study sites
location (dashed white squares) in Queule region. The background imagery is from
Google Earth®.
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Major Historical Earthquakes in South-Central Chile
Giant 1960 Mw 9.5 Earthquake and Tsunami
The largest earthquake measured by modern instrumentation, the Mw 9.5 southern
Chile earthquake, ruptured 920 ± 100 km of the southern segment of the Chile trench
(Cifuentes, 1989; Lomnitz, 2004; Figure 1). On May 21st, 1960 there were a series of Mw
7.0 precursors near the Arauco peninsula followed by the Mw 9.5 main shock on May
22nd, whose shaking lasted 10 min (Weischet, 1960; Watanabe and Kokot, 1960). The
earthquake caused major damage to municipalities in south-central Chile: destroying
harbors, bridges, highways, city foundations and causing the death of ~2,000 Chileans,
although this number is still a rough estimate and it ranges between 490 and 5,700 (David
and Leeds, 1963; NGDC, 2019). Among the geomorphic impacts were widespread
landslides, ground slumping and fissures, liquefaction features, and a landslide that
blocked the Riñihue River and eventually caused major flooding downstream in Valdivia
when it failed (Weischet, 1963; Wright and Mella, 1963). The most significant damage
was mostly restricted to unconsolidated sedimentary basins between the Andes and the
Pacific Coastal Range (Weischet, 1960).
The mainshock produced significant co-seismic land-level changes along an area
1000 km long and 200 km wide, with co-seismic subsidence up to 2 m (Plafker and
Savage, 1970). Co-seismic subsidence such as this is an important component of
paleoseismic studies, as it marks a sharp stratigraphic boundary between different
sedimentary environments, especially when the subsidence amount is enough to drop the
surface below tidal range or to a different depositional setting. After large earthquakes,
land-level changes measured extensively along the affected regions have provided
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valuable information about the geometry of the subduction zone interface and the slip
distribution of earthquake ruptures (Barrientos and Ward, 1990; Moreno et al., 2009).
The tsunami generated by the 1960 earthquake created major inundation along the
Chilean coasts (Wright and Mella, 1963). The tsunami inundated coasts from north of
Concepción to Chiloé Island (Figure 1). The tsunami waves reached up to 15 m in runup
near Ancud in northern Chiloe Island (41.86˚ S, 73.82˚ W) and 8 m in Corral, near
Valdivia (Figure 1; Sievers, 1963). The waves crossed the Pacific and achieved runup
elevations of 10 m in Hawaii (Eaton et al., 1961) and 6 m in Japan (Abe, 1979).

1960 Earthquake and Tsunami in Queule
In Queule, the 1960 tsunami breached the coastal dunes in multiple locations over
expansive areas. The second tsunami wave destroyed the town, leaving a debris line 2 km
inland, and killing 35 people (Weischet, 1960). The most detailed observation of the
tsunami flow depth is a 4.5-m high debris line above ground left in trees 1.5 km inland
near the town of Queule (Weischet, 1960). In Mehuín, the closest town 3.5 km south of
Queule, the wave height was 8m (Alvarez, 1963). In all reports of tsunami waves, the
second wave was the largest and most destructive in both, Mehuín and Queule (Alvarez,
1963; Sievers et al., 1963; Weischet, 1963; Wright and Mella, 1963).
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Figure 3: Photographs of Queule town before (A) and after (B) the 1960 earthquake and
tsunami (Weischet, 1963). Bottom photograph (C) was taken from the same angle by the
author on January 2018. Green line (A and B) depicts the change in Queule river width
before and after the 1960. Red square and yellow line are reference markers of the same
features identified in different photos.
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In addition, “underground water spilling out” during the earthquake was reported
in Queule, which might indicate liquefaction (Weischet, 1960). Sand was transported
across the Queule River channel near the coast and blocked the river, causing floods in
the rainy season (Wright and Mella, 1963). Co-seismic subsidence was estimated around
1.5 m, and is especially evident on the photographs before and after the event, where the
river channel increased its width after the earthquake (Weischet, 1960; Weischet, 1963;
Figure 3). Likely due to the subsidence, water drainage became poor and many
agricultural fields remained inundated by 0.5-1 m of water for up to 12 months after the
event (Weischet, 1963; Alvarez, 1963; personal conversations with local residents).

Other Historical Earthquakes in South-Central Chile
Chile has an extensive historical record, with written documents recording the
shaking and tsunami events since the Spanish arrived in the 16th century (Lomnitz, 1970;
Cisternas et al., 2017). South-central Chile has experienced multiple large earthquakes in
the historical period from the middle of the 15th century to present. The most conspicuous
predecessors of the 1960 earthquake occurred in 1837, 1737 and 1575. However, due to
revolts of the indigenous South American people of this region, there is a major gap in
the historical record between 1598 and the mid-19th century in the territories between
Concepción and Valdivia (Cisternas et al., 2017; Figure 1). Therefore, historical reports
from the 1837 and the 1737 earthquakes were limited to the few Chilean outposts in the
region, complicating the task of constraining the magnitude and distribution of these
events.
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The 1837 earthquake occurred on November 7, 1837 at 8 AM local time, with an
estimated Mw of 8.8-9.5 (Cisternas et al., 2017). The earthquake was observed and
documented in Ancud in northern Chiloé Island (41.87˚S), Valdivia and Concepción
(Figure 1). In Valdivia people were thrown off balance with the shaking and the town
suffered significant damage (Lomnitz et al., 1970). The shaking was felt for 800 km from
Concepción to the Chonos Archipiélago (44.17˚S), where accounts by whalers suggest
evidence of uplift of ~2.5 m in these southern islands (Cisternas et al., 2017).
Furthermore, on San Rafael Fjord (46.60˚S) there are forests that are partially submerged
in marine water due to subsidence from the 1837 earthquake. The tsunami caused
abnormal ebb and flood tidal currents around Chiloé Island, especially in Ancud where
significant amount of mollusk shells and seaweeds were transported inland (Soloviev and
Go, 1975). In Valdivia, reports indicate an abnormal retreat of the water followed by an
onshore return with notable height but the tsunami was not comparable to the 1960 event
(Soloviev and Go, 1975; Lomnitz et al., 1970). Although in Valdivia the tsunami had
little impact, the waves produces by this earthquake were also recorded in distant coasts
in Japan, Hawaii and French Polynesia (Berninghausen, 1962; Iida, 1984). The wave
heights observed on these islands were 1-2 m, 6 m and at least 2 m in Japan, Hawaii and
French Polynesia respectively (NGDC, 2019).
The 1737 earthquake damaged the towns of Castro in eastern Chiloé Island,
Valdivia and Concepción (Lomnitz, 2004; Figure 1). However, there are no reports of a
tsunami on the Chilean coast (Lomnitz et al. 1970; Cisternas et al., 2017). Moreover, in
Japanese records, which are considered to be long, complete catalogs of past major
tsunami events in the Pacific, there were no reports of a tsunami that could have travelled
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from the other side of the Pacific Ocean. Thus, if a tsunami was generated by this event,
the size was likely small (Cisternas et al., 2017) or very localized.
The 1575 earthquake is thought to compare in magnitude to the 1960 earthquake
due to similarities in the affected regions and the presumed length of the rupture
(Cisternas et al., 2017a; Lomnitz, 2004). The shaking during the 1575 earthquake was
reported along 640 km of the coast from Concepción (36.75˚S) to Castro on Chiloé Island
(42.5˚S; Lomnitz, 1970). However, these shaking reports were limited to the locations
where outposts were located, so the actual rupture extent might be greater. The tsunami
struck indigenous communities along the coast and killed ~100 people in Valdivia
(Lomnitz, 2004), and possibly many more that were not reported. From north of Valdivia
(39.8˚S) to Castro on Chiloé Island, the Spanish conquistadors reported extensive marine
inundation that has been interpreted as tectonic subsidence (Cisternas et al., 2017).

Previous Paleoseismic Studies
South-central Chile provides different geomorphic settings used for paleoseismic
reconstructions, including marshes, coastal lagoons, inland lakes and deformed coastal
terraces where geologic evidence of past events can be preserved (Melnick et al., 2009).
Several paleoseismic reconstruction techniques have been employed in south-central
Chile: (1) buried horizons interpreted as co-seismic subsidence (Atwater et al., 1992;
Cisternas et al., 2005; Nelson et al., 2009; Dura et al. 2017; Garret et al. 2014), (2) tabular
sand sheets with sharp/erosive lower contact interpreted as tsunami deposits (Ely et al.,
2014; Garret et al. 2015; Cisternas et al. 2005; Moore et al., 2007; Atwater et al., 2013),
(3) lake turbidites interpreted as strong shaking events (Moernaut et al., 2007; Moernaut
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et al., 2014; Moernaut et al., 2018), (4) coastal lagoon sand deposits interpreted as
overwash events (Kempf et al., 2017), and (5) diatom assemblages combined with
Bayesian transfer functions to estimate co-seismic deformation (Garrett et al., 2013;
Garrett et al., 2014; Dura et al., 2015). Studies along this region have extended the record
as much as 5,500 yrs BP using coastal stratigraphy and inland lake turbidites (Cisternas et
al., 2005; Kempf et al., 2017; Moernaut et al., 2014). Furthermore, Cisternas et al. (2017)
expanded the historical record to gather observations about the 1737, 1837 and 1575
events. All these methods used in conjunction have provided valuable information about
the earthquake and tsunami recurrence patterns in south-central Chile.
Paleoseismic reconstructions based in marsh stratigraphy evidence have been
conducted in three locations in south-central Chile: Tirúa (Ely et al., 2014), Quidico
(Hong et al., 2015), Valdivia (Nelson et al., 2009), Maullín (Cisternas et al., 2005;
Atwater et al., 1993), Cocotué (Cisternas et al., 2017) and Chaculén (Garret et al., 2015)
(Figure 1). In Maullín, Cisternas et al. (2005) interpreted buried soil horizons with
overlying sand as evidence of co-seismic subsidence with tsunami deposit. They found
evidence for seven events of giant earthquakes and tsunamis similar to 1960 in a time
period of two millennia, yielding a recurrence interval of ~285 yrs. Further southwest and
more exposed to the coast, Cisternas et al. (2017b) expanded the paleoseismic record in
an unusual combination of tsunami sandy deposits and debris-flow diamicts interpreted
as coincident with earthquake shaking. Because the debris-flows covered the pre-existing
vegetation very rapidly, the dating of these yielded precise dates that were correlated with
other paleoseismic reconstructions (Cisternas et al., 2017b). They showed variable
recurrence intervals between large earthquake events and smaller ones. The recurrence
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interval between the smaller earthquakes was as short as 85 years within the longer
interval between large earthquakes in AD 1300 and 1575 (Cisternas et al., 2017b). At
Valdivia estuaries (Figure 1), Nelson et al. (2009) identified buried horizons to
reconstruct co-seismic land-level changes. At one of their main sites, they found two A
horizons overlain by tsunami sands. However, the pre-historical stratigraphy was
fragmentary and further evidence suggested an unconformity, likely due to rapid changes
in relative sea level near the estuary.

Figure 4: Previous paleoseismic studies proxy ages of geologic evidence for tsunamis,
earthquakes and both from previous studies in south-central Chile for the past 5500 years.
Historical earthquake rupture approximation is shown in Figure 1.
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In Chaculén (Figure 1), Garret et al. (2015) documented stratigraphic evidence of
coseismic subsidence associated with the 1960, 1575 and two prehistoric earthquakes
yielding radiocarbon ages of AD 1270-1450 and AD 1070-1220 (Figure 1). All showed
tsunami sand sheets above the buried soils except for the AD 1270-1450 earthquake
(Garret et al., 2015). They used diatom assemblages to estimate deformation using
Bayesian transfer functions that quantify co-seismic deformation. Among the four
identified events, only the one in 1575 resulted in no significant subsidence or uplift,
while the other three events showed subsidence between 0.60 m to 1 m (Garret et al.,
2015). The 2010 and 1960 earthquakes were used as modern analogues to calibrate coseismic deformation estimates from these techniques (Garret et al., 2013).
Other paleoseismic reconstruction studies were done north of Queule. These
locations are closer to the Mocha fracture zone near the Arauco peninsula (Figure 1),
which has been proposed as a boundary between central earthquake ruptures and southcentral ruptures along the Chilean subduction zone (Moreno et al., 2011). In Tirúa
(38.3˚S) (Figure 1), 118km north of Queule, Ely et al. (2014) showed evidence for four
tsunamis interpreted to be from historical tsunamis in AD 1575, 1751, 1960 and 2010
(Figure 4). At Quidico (Figure 1), Hong et al. (2015) found six tsunami sand deposits in
an abandoned meander of Quidico River floodplain corresponding to the historical
tsunamis of AD 2010, 1960, 1835, 1751 and a pre-historical tsunami dating to AD 14451490 (Figure 1; Figure 4). The embayment at Quidico faces northward, and these tsunami
sands were interpreted as multiple tsunamis from northern earthquake sources (<40˚S
latitude) with the exception of the 1960 earthquake whose rupture initiated north of
Quidico and propagated southward. Dura et al. (2017) analyzed the co-seismic land-level
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changes from the earthquakes and tsunamis compiled from Ely et al. (2014) and Hong et
al. (2017) using diatom assemblages and Bayesian transfer functions. They documented
further evidence of co-seismic land-level changes and tsunami sands for three additional
pre-historical earthquakes and tsunamis with ages of AD 1470-1570, 1425-1455, and
270-410 (Dura et al., 2017; Figure 4).
Multiple proxies have been used to reconstruct the paleoseismic history of southcentral Chile. In the Andean lakes of Villarrica, Calafquen and Riñihue, turbidite deposits
were interpreted as evidence of seismic shaking (Moernaut et al., 2014; Figure 1; Figure
4). Lacustrine turbidites provide high-resolution sensitivity to large seismic shaking
events. Due to the spatial distribution of the lakes (Figure 1), variations in the correlations
among the deposits from different lakes can be used as evidence of the latitudinal
intensity of individual earthquakes (Moernaut et al., 2018). In coastal lagoons, overwash
sand facies interbedded with fine-sediment low-energy deposits are also used as proxies
for tsunami deposits; especially in regions where major storms are not likely to develop
(Kempf et al., 2015). In the coastal Lake Huelde in Chiloé Island (Figure 1), Kempf et al.
(2017) identified 17 overwash events over the last 5,500 years (Figure 4). The youngest 8
were correlated to large regional tsunamis documented in other records (Cisternas et al.,
2005; Moernaut et al., 2014; Moernaut et al., 2018)

Geologic Evidence of the 1960 Earthquake and Tsunami
The geologic evidence for the 1960 earthquake and tsunami is found widely
across the south-central Chilean coast due to the rupture length and magnitude of the
event and the relatively recent occurrence. Tsunami sand deposits from this event have
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been described in several locations, including the Tirúa River estuary (Ely et al., 2014),
Quidico (Hong et al., 2017), Maullín (Cisternas et al., 2005), Cocotué (Cisternas et al.,
2017), Chaculén (Garret et al., 2015), Caulle (Atwater et al. 2013), and Lake Huelde
(Kempf et al., 2017). In Tirúa, the tsunami deposit of the 1960 tsunami was dated using
Optically Stimulated Luminescence (OSL) of the sand layer and detecting 137Cs to
differentiate post-1950 sediment deposits following the introduction of above-ground
nuclear testing. In the Maullín deposits, the sand was described mainly as an oxidized
unit with maximum thickness of 60 cm in sharp contact with the soil below (Atwater et
al., 2013). In the Andes lakes of Riñihue, Calafquén and Vilarrica, there are turbidites
caused by the 1960 earthquake shaking (Moernaut et al., 2014; Figure 4). The subsidence
caused by this event was later determined using ages of tree rings from drowned forests
in Maullín (Cisternas et al. 2005).
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CHAPTER II
METHODS
Field Methods
The Queule site was selected due to 1) availability of reports from the 1960 event,
2) observed geologic evidence from the 1960 tsunami (W. Manley and J. Bourgeois, pers.
comm.) and 3) the proximity to Valdivia (55 km) where there is a record of previous
historical earthquakes and tsunami events. Site selection within the Queule region started
by an examination of satellite imagery and aerial photographs from 1944, 1961, 1979 and
1983. We relocated core transects and examined the stratigraphic descriptions from
previous unpublished geologic studies near Maitenco by William Manley and Alan
Nelson (Figure 2). Sites were also selected as those with high preservation potential,
protected from erosion, with a potential sediment source (e.g. beach and dunes) and
promising core stratigraphy. The main site, Nigue Sur, is in the northern portion of the
study area, protected from lateral erosion of the Queule River by a bedrock headland to
the north (Figure 2). Other examined sites were low-lying coastal marshes (Maitenco and
Queule Victoria; Figure 2), pastures behind the eolian dune barrier and low-lying
pastures further south near the Queule River outlet (Queule Town; Figure 2; Figure 3).
Coastal stratigraphy can contain evidence for co-seismic land-level changes and
subsequent tsunami events in the past. The identification criteria for tsunami deposits
were: 1) sand layers with sharp contact above tidal mud or buried wetland soils, 2) lateral
continuity of buried soils due to coseismic land-level change across the study site (Nelson
et al., 1996), and 3) a tabular and laterally extensive sand layer, that gradually thins
inland (Peters and Jaffe, 2010). For evidence of coseismic land-level changes, the main

20

criterion is a sharp stratigraphic contact marking the drastic change from one sedimentary
environment to another (Atwater et al., 1987).
Fieldwork consisted of stratigraphic descriptions of the subsurface in Queule
using multiple tools and sampling techniques, including gouge core transects, pits,
trenches and river cut-bank descriptions. We described stratigraphic layer thickness,
contacts between layers, sedimentary structures, color and sedimentary texture with
estimated organic composition based on Troel-Smith (1955). Subsurface stratigraphy
samples were taken as intact 2-inch cores, box monoliths and bagged sediment samples.
The core samples and box monoliths were brought to the laboratory to process for grainsize analysis and sampling of organic material for radiocarbon dating.
To map the spatial extent of the 1960 tsunami deposit, we searched and measured
the sand deposit thickness along transects using 1-m long, 2.5-cm diameter gouge cores.
Several transects trending landward perpendicular to the coast were described, tracing
buried soil horizons and tsunami sand beds. From these transects, we collected sediment
samples from the tsunami sand deposits with depth intervals ranging from 1 to 10 cm,
depending on the bed thickness. These samples were collected separately to analyze the
grain size distribution variability within the tsunami deposit as well as to capture the
grain size distribution with distance from the source. Sediment samples from the beach at
the swash zone and eolian dunes were also collected.
To measure accurate elevation, we used a differential GPS base station unit
coupled with a floating tide gauge and a pressure sensor that measured water level in the
tidal channel near Nigue Sur. The floating tide gauge was deployed for 1.5 days. These
water level measurements were compared to a global TPXO-atlas tide model to obtain
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Mean Sea Level datum (Egbert and Erofeeva, 2002; Ely et al., 2014). To measure the
elevation of our specific sites, we used manual land survey level and measuring rod from
established benchmark referenced to the differential GPS base station.

Laboratory Analysis
Radiocarbon Chronology
Establishing a reliable chronology of past tsunami events in the geologic record of
Queule is a critical factor for interpreting and understanding the frequency of occurrence
of tsunamis (Jaffe and Gelfenbaum, 2002). To calculate the time of burial, samples of
organic material were sent to the Woods Hole Oceanographic Institution NOSAMS
laboratory for analysis of radiocarbon isotope 14C with Accelerator Mass Spectrometry
(AMS). To extract samples, box monolith samples (40.5 cm long, 9 cm wide and 3 cm
thick) of the tsunami deposit sand and the buried soil beneath were collected along
exposed stratigraphy in a trench. The monoliths were oriented vertically and horizontally
to maximize organic material collection along stratigraphic contacts.
In the laboratory, the organic layers underlying candidate tsunami sand layers
were sampled to extract dateable organic materials such as charcoal, wood fragments,
leaves, seeds or vegetation in growth position. The stratigraphic position and the
collected material determine the reliability of the dating results. To obtain reliable
information from the dating results, the stratigraphic depth and context of the samples
were carefully documented. Cube-shaped samples from the gutter monoliths were
collected at the desired depth. The cube was cut in 3-4 slices of equal thickness and the
slices were photographed along with the monolith and a scale. The orientation was
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labeled to keep the stratigraphic order clear. Organic material that was at or near the
surface before burial by the tsunami was collected and rinsed with de-ionized water. To
constrain the age of tsunami deposition, 14 samples from below and above the tsunami
sands were submitted for radiocarbon dating: 5 seed samples, 4 samples of wood
fragments, 3 charcoal samples, 1 leaf, and 1 bulk sediment sample.

Grain Size Analysis
Sample Preparation Process
To measure grain size accurately, organic material was removed, the fine particles
were disaggregated, and grain size was measured using the Mastersizer 3000® laser
diffraction particle size analyzer. To start, samples were dried in the oven at 50˚C for 24
hours. The samples were weighed and ~1.5-3 g was extracted using a sample splitter to
divide the sample without introducing bias. The samples were placed into centrifuge
tubes in a hot water bath to accelerate the process of dissolving the organics during the
hydrogen peroxide pre-treatment. In the fume hood, 2 ml increments of hydrogen
peroxide were added to each sample until the samples stopped bubbling and the
centrifuge tubes were at least half full. After the hydrogen peroxide digestion of the
organics was complete or nearly done (no bubbles visible), the samples were rinsed with
deionized (DI) water and the sample tubes were placed in a centrifuge at 3000-3500 rpm
for 5-10 minutes until the supernatant was clear. To separate aggregates, the samples
were transferred into a solution of sodium hexametaphosphate (5.5g NaHmP and 1L of
DI water) for 24 hrs. To measure the sample grain-size distribution, the Mastersizer®
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laser diffraction particle size analyzer was used with the large–volume, automated, wetsample dispersion unit.

Tsunami Numerical Simulations
Bathymetry and Digital Elevation Model (DEM) Preparation
The topography data was purchased from a Chilean company (Integral Computing
– Geographic Information Systems). The horizontal spatial resolution of the topography
is 5 m with vegetation included. The coastal dunes of Queule were stabilized by planting
pine trees in 1981 as described by local residents. Since our topography data was not
corrected for vegetation, the DEM showed erroneous land-level heights (up to 4m) over
the sand dunes. The vegetation removal procedure was focused on the dune regions
where the vegetation heights could have interacted with the tsunami numerical
simulation. Aerial images from different years were used to assess which heights
represent the dune surface and which represent vegetation height. At the locations of
confirmed pine trees vegetation cover, polygons were drawn and a constant-value raster
of equal spatial resolution was generated as the DEM. Then the DEM raster with the new
constant-value rasters was used to create a seamless DEM with the major vegetation
heights removed. The constant value assigned to these rasters was determined by
comparing neighboring unvegetated heights based on historical aerial imagery on Google
Earth® and cross-dune topographic field surveys. The resulting merged DEM contained
several areas of the dunes with a flat top where false heights from the vegetation were
removed. After the 1960 tsunami, the sand dunes were highly eroded and there is no
quantification of the change in the dune heights. As a consequence, this model does not
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account for the pre-1960 dune elevation, neither the post-1960 dune rebuilding by natural
eolian sediment accumulation. Therefore, the model is based on existing topography that
might not correspond exactly to the pre-1960 dunes morphology.
The bathymetry was downloaded from the General Bathymetric Chart of the
Oceans (GEBCO) with 30 arc-sec resolution. The data was clipped to the latitudinal
extent of the high-resolution topography data, extended the longitudinal extent to 11.25
km offshore and generated 5 m interval contours for the DEM. These contours were used
as a base for generating a 5-m spatial resolution surface raster using the “topo to raster”
tool on ArcGIS. This surface raster represents a smooth representation of the bathymetry
near Queule. The topographic data was merged with the smooth high-resolution
bathymetry to create a final DEM that was used as the input for the tsunami numerical
simulation (GeoClaw). The lack of topographic data on the outer extent was filled with
lower resolution (1 arc-sec or ~30 m) topography from Shuttle Radar Topography
Mission data (STRM).

Forward Hydrodynamic Modeling
To estimate wave propagation, wave height, inundation extent and runup heights
in Queule, we used the GeoClaw forward tsunami hydrodynamic model (Clawpack
Developing Team, 2017; LaVeque et al., 2011; Bale et al., 2003). This model solves
nonlinear two-dimensional shallow-water wave equations using a finite-difference
numerical scheme with an Adaptive Mesh Refinement (AMR) (LaVeque et al,. 2011). As
input, the model requires 1) bathymetry seamlessly merged with topography and 2) an
earthquake source model.
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Three earthquake deformation source models were tested for the simulation. The
first earthquake source was obtained from Barrientos and Ward (1990), and is a variable
slip rupture inversion based on co-seismic land-level change measurements after the 1960
earthquake (Plafker and Savage, 1970). This source model assumed planar interplate fault
geometry between the subducting and overriding plates. The second source model was
derived from the same measurement of coseismic land-level change from Plafker and
Savage (1970), but the fault geometry was constrained by a 3D geometry interplate fault
based on multiple types of geophysical data (Moreno et al., 2009). The third source
model was from a test of various rupture scenarios based on a suite of probable
earthquake sources constrained by tsunami wave height observations and tsunami
deposits on the coast (Dolcimascolo, 2019). The tsunami wave heights were simulated in
30 synthetic tide gauges and were compared with 19 wave height observations and 11
locations where geological observations have been reported. Out of 423 earthquakes
rupture scenarios with different slip distributions, this source was the scenario that best fit
the 1960 tsunami observations (Dolcimascolo, 2019).
There are several uncertainties associated with GeoClaw forward tsunami model.
GeoClaw uncertainties include a constant Manning friction coefficient across the domain
and unknown coastal topography evolution since the 1960 earthquake and tsunami. In
addition, this model does not solve near-shore breaking waves and the sea floor
displacement is not transferred to the water column as a time-dependent acoustic wave,
but rather as an immediate water column displacement exactly equal to the sea floor
vertical displacement. Furthermore, the dry land water displacement does not model the
actual hydrodynamic process; it is rather solved as an approximation. Nevertheless,
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GeoClaw model complies with the National Tsunami Hazard Mitigation Program
(NTHMP) tsunami benchmark standards, and has been validated (Synolakis et al., 2008).
GeoClaw outputs include wave propagation and inundation, wave heights at
selected simulated tide gauges, and maximum runup over a fixed region. Simulated tide
gauges were positioned at the shoreline to estimate wave heights, and in several locations
inland to estimate flow depths. GeoClaw also allows for the calculation of a map of the
maximum water elevation for all grid cells in a set region, which was used to estimate
runup. These results were used to determine: (1) if the 1960 tsunami was capable of
overtopping the dunes and leaving sedimentary deposits, (2) the general hydrodynamic
flow conditions in Queule (e.g. flow direction, inundation extent and flow depths), and
(3) the inundation extent from the coast.
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CHAPTER III
RESULTS
1960 Tsunami Deposit
The 1960 tsunami deposit was found widespread in the Queule study area. To
map the general horizontal extent, a polygon was drawn using the 1961 imagery alone;
which is based on the assumption that the high-reflectance layer is sand from the dunes
that had been dispersed by the tsunami (Figure 5). This sand has a maximum inland
distance of 2.2 km on the southern sites near the Queule river inlet and 1.3 km in the
northern sites (Figure 5). The layer was observed along the 9.3 km of coastline in Queule,
covering the dunes and extending further inland. In several locations, the sand covered
areas beyond the Queule River, as described by Wright and Mella (1963) and testimonies
of 1960 tsunami survivors.
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Figure 5: 1960 tsunami sand deposits spatial extent map based on aerial photographs
from 1961 and stratigraphic observations. Orange dots depict the sites where 1960
tsunami sand layers were observed; green dots depict sites where no tsunami sand layers
were present. The area of no 1960 sand at Treque is a hill of sandstone bedrock. QV15D
and Q20B sites are shown in Figure 6 and Figure 8. The red lines represent the
stratigraphic transects (Figure 7).
The mapped extent of the 1960 sand in Figure 5 was verified in the field at sites
such as Nigue Sur, Queule Victoria and Maitenco (Figure 2), where we found the 1960
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tsunami deposit in the stratigraphy. The locations near the dunes where the image
reflectance was higher corresponded to a thicker 1960 tsunami deposit. Farther inland,
there were locations where the high reflectance on the image was not easily discernable.
At Queule Victoria, we dug pits to trace the 1960 tsunami deposit in a transect
perpendicular to the coastline (Figure 2; Figure 5). The 1960 tsunami sand was oxidized,
medium to fine grained, and poorly sorted (Figure 6). It was interbedded in dark brown
organic silty horizons with a sharp erosive lower contact and moderately gradual upper
contact (Figure 6; Figure 7). The farthest landward extent was 1.17 km and the depth
range across all sites in Queule Victoria was 4-65 cm (Figure 7). The deposit generally
thinned landward with the exception of site QV-G.

Figure 6: 1960 tsunami sand deposit in Queule Victoria at QV15D site, 920m from
shoreline (orange layer) (Figure 5). Increments on shovel are 10 cm.
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Figure 7: Queule Victoria stratigraphic transects showing the extent and thickness of the
1960 tsunami deposit and surrounding stratigraphy (Figure 5). The stratigraphy was
described using gouge cores and pits to extract samples. Orange dashed line shows spatial
correlation of a tan silt layer. Black dashed line marks the base of the described sections.
The topography of the ground surface is irregular from 650-900 m along the
Queule Victoria transect (Figure 7). The sites with the highest relief also tend to correlate
with a thicker 1960 sand deposit. This may suggest that the observed local relief is likely
controlled by the thickness of the 1960 tsunami sand deposit.
In Nigue Sur, the 1960 sand is clean, tabular and laterally extensive. It is
characterized as a medium to fine, oxidized, massive sand. This sand unit has an average
thickness of 29 cm, with locations where the thickness reaches up to 122 cm near the
dunes. As in Queule Victoria, the highest relief corresponds to areas with the thickest
1960 tsunami deposit. The lower contact is sharp, erosive and bioturbated in multiple
pits, while the upper contact is generally gradual and mixed with the top soil in several
locations. Mud rip-up clasts were also observed in several pits.
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Figure 8: 1960 tsunami deposit photograph from Nigue Sur in Q20B site. The shovel
stripes are 10cm thick. The white dashed line depicts the approximate outline of a more
detailed photograph in Figure 16.
At Nigue Sur, we found bioturbation features in the 1960 tsunami deposit. Root
casts occupied by tsunami-transported sand and burrows made by shrimp were generally
found near the edge of and within the Valdivian forest environments (Figure 8). These
types of bioturbation features were not observed in Queule Victoria, Maitenco or near the
town of Queule. Another bioturbation feature was animal trampling, which was common
in pastures areas in Nigue Sur and in wet marsh soils in Maitenco (Figure 2).

1960 Sand Grain-Size Analysis in Queule Victoria
Based on the grain sizes of sediment samples from the Queule Victoria transect,
the 1960 tsunami sand deposit does not show internal structure. It is generally massive
with some sections of normal grading (Figure 9). The mean grain size averaged through
the depth of the tsunami deposit shows a landward decrease (Figure 9). The range of the
mean D50 grain size values falls within the fine sand category on the Wentworth scale
(Wentworth, 1922).
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Figure 9: 1960 tsunami sand grain-size analysis in Queule Victoria sites showing each
sample grain size distribution with depth and mean grain size of the combined samples at
each site with inland distance from shoreline (below).
Geoclaw Tsunami Simulation
Three different earthquake source models were used to assess tsunami inundation,
wave heights at shoreline, and flow depths at selected locations and general flow
conditions in the study area. From now on, the Barrientos and Ward (1990) source model
will be referred as “Barrientos”, the Moreno et al. (2009) source will be referred as
“Moreno” and the 409202 source model from Dolcimascolo (2019) will be referred as
“Dolcimascolo”. Here I will discuss the common observations from the simulations and
then discuss their main parameters differences.
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The spatial distribution of surface deformation directly influences the
characteristics of the tsunami waves. In all three cases, the spatial distribution of
maximum deformation is concentrated near the latitude of Queule (Figure 10). It is likely
that this concentration of deformation is responsible for the particularly high waves from
the 1960 tsunami at Queule.

Figure 10: Three earthquake source model deformation plots used for tsunami
simulations. The Barrientos and Ward (1990) deformation was calculated based on a
mathematical inversion of co-seismic land-level changes measured by Plafker and Savage
(1970) using a planar interplate fault geometry. The Moreno et al. (2009) deformation
was derived from Barrientos and Ward (1990) but constrained to a 3D interplate fault
geometry based on geophysical data. The Dolcimascolo (2019) source was the best-fit
model based on 1960 tsunami wave observations and geological evidence (Note: Color
scales are not equal.)
All three models showed extensive inundation of the lowland areas in the Queule
region and overtopping the sand dunes. The maximum inundation extent followed the
base of the hillslopes at the inland edge of the Queule valley (Figure 11). The dunes on
the Queule peninsula were completely overtopped with the exception of the southern
portion of the peninsula, where there is a higher hill of sandstone bedrock at Treque
(Figure 11). The steep sides of the Queule valley created conditions that produced edge
waves and significant tsunami wave reflection, causing complex hydrodynamic
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interactions with incoming waves (Figure 11). All three simulations showed a flow depth
maximum during the second wave inundation (Gauges #46 and #53, Figure 11).

Figure 11: Snapshots of GeoClaw simulation results showing inundation and flow depth
of the 1960 tsunami using the earthquake rupture source from Moreno et al. (2009). The
snapshots show the first wave inundation at ~40 minutes (A) and near the time of
maximum inundation by the second wave at ~2 hours (B). The numbers represent the
synthetic tide gauge locations. The symbols depict the following locations: Nigue Sur
(NS), Queule Victoria (QV), Maitenco (M) and Queule Town (QT) (Figure 2).
All simulations showed poor seawater drainage in the region (Figure 11; Figure
12). Once the water inundated the lowlands behind Queule Victoria and Nigue Sur
(Figure 2), it remained inundated for the duration of the tsunami. This is particularly
evident in the wave forms from inland numerical tide gauges #46 and #53 that shows the
water depth slowly decreasing between the peaks of tsunami waves and afterward (Figure
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12). The water was still ponded in portions of the Queule lowlands for approximately 12
months according to the testimonies of several tsunami survivors and observations in
written reports (Wright and Mella, 1963; Weischet, 1963).

Figure 12: Synthetic tide gauge waveform results showing a time series of water height
during the 1960 tsunami simulation at three synthetic tide gauges (#33, #46 and #53; Fig.
12) from three earthquake source models: Barrientos and Ward (1990) in red, Moreno et
al. (2009) in blue and Dolcimascolo (2019) source 409202 in green.

36

Table 1: GeoClaw forward tsunami simulation results from three earthquake sources.
409202
Barrientos and Moreno et al.
Item description
(Dolcimascolo
Average
Ward (1990)
(2009)
et al., 2019)
Max. wave height at
shoreline (Gauge #33)
(m)
Max. flow depth near
Nigue Sur and Queule
Victoria (Gauge #46)
(m)
Max. flow depth near
Queule town (Gauge
#53) (m)
Historical flow depth
approximation near
Queule town (m)
Arrival order of highest
wave at shoreline

11.1

11.6

10.3

11.0

10.8

7.2

9.6

9.2

8.9

7.9

8.1

8.3

4

4

4

4

2nd

1st

2nd

n/a

Despite similar inundation patterns, there are differences in the computed
hydrodynamic conditions of the three simulations. The most conspicuous difference
between the simulations was the order of the largest wave. For Barrientos and
Dolcimascolo sources, the second wave was the largest at the coastal tide gauge (#33),
while for Moreno it was the first (Figure 12; Table 1). Although the waveform was very
similar for all three simulations, the magnitude of the maximum flow depth for gauges #
46 and #53 differ (Figure 12). All simulated flow depth estimates doubled the historical
observation of the 4-m high debris near the town of Queule (Weischet, 1960). However,
there is significant uncertainty when comparing the simulated flow depth with the
historical observations because the exact location of the historical measurement was not
clearly explained. The observer mentioned that the measurement was taken somewhere
1.5km from the coastline near the town of Queule. Being so close to the hills, the
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topography can cause a buildup of the water level in the simulation, likely contributing to
the overestimation.
Another significant difference is the co-seismic deformation caused by each
source (Figure 10). The Barrientos and Dolcimascolo sources have patches of high
surface deformation, while the large deformation in the Moreno source is distributed
along the subduction zone (Figure 10). The Dolcimascolo source shows the highest
deformation on the shallow portion of the interplate. Although the tsunami generated by
the Dolcimascolo rupture matches the tsunami historical observations at Queule, the
deformation does not match the surface deformation spatial distribution as measured by
Plafker and Savage (1970). This occurs because Dolcimascolo’s deformation is based on
empirical tsunami wave heights data and geological evidence, and does not consider
surface deformation measurements. On the other hand, the Barrientos and Moreno
sources consider co-seismic deformation measurements from Plafker and Savage (1970)
and, therefore, show very similar surface deformation (Figure 10). Although the Moreno
source model is based on a more precise interplate geometry, the tsunami simulation
based on the Barrientos source matches more closely the historical observations about the
order of the maximum wave height in Queule.

Stratigraphy
General Stratigraphy at Nigue Sur
Nigue Sur is located at the northern end of the Queule study area, bounded by the
sand spit and dunes to the west, the Queule River to the east and southeast, and steep
bedrock topography to the north (Figure 2). I identified three distinct zones in the
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stratigraphy at this site (12). Stratigraphic Zone #1 is closest to the surface and contains
the three tsunami deposits that are the main focus of this research project. Stratigraphic
Zones #2 and #3 are described briefly to provide context, but the detailed examination
and interpretation of those units is part of a different investigation and is beyond the
scope of this study.
Stratigraphic Zone #1 at Nigue Sur
On average, Stratigraphic Zone #1 was found in the upper 88 cm and consisted
mostly of dark brown to black silty organic units with three interbedded sand layers
(Sand units in Figure 12). The dominant components of these horizons were silt (25-50%)
and organic humic substance (25-50%) with a minor sandy component (<12%).
Depending on the location, the fraction of highly decomposed organics varied from 25 to
75% (Figure 12). There was no distinct, visible difference in the organic content, grain
size, or color of the organic units directly below and above each sand layer that might
indicate evidence of coseismic land-level change. Although it was beyond the scope of
this study, a thorough laboratory analysis of the organic content, grain size, and
microfossil assemblage of these units could reveal details that were not apparent in the
field.
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Figure 13: Nigue Sur composite stratigraphy depicting the three distinctive environments
divided into Stratigraphic Zones #1, #2, and #3. This study focuses on the stratigraphy
and sand units in Stratigraphic Zone 1 in the upper 1-meter. The abbreviations in brackets
are descriptions of the sediment and organic content of each unit using the Troels-Smith
(1955) nomenclature system.
The uppermost sand, Sand Unit A, is interpreted as the 1960 tsunami deposit
(Figure 5). It is widely found within the Queule region in the upper 40 cm of the
stratigraphy (Figure 15). A detailed description is in the 1960 tsunami deposit section at
the beginning of the Results section (p.29; Figure 5).
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Figure 14: Multiple tsunami deposits sand extent map based on 1961 aerial imagery
(shaded yellow polygon) and field stratigraphy (dots). Other symbols depict the extent of
GeoClaw tsunami simulation inundation (blue line) and the red box is the outline of the
Nigue Sur site zoomed in black and white image.
Sand Unit B is clean, tabular, and laterally extensive. It is medium to fine sand,
gray color, well-sorted with subrounded grains. It is mostly found at a depth of about 50
cm, ~20 cm below Sand Unit A. It is thicker at sites closest to the coastal dunes (~10 cm),
while in the other sites it has an average thickness of 2 cm (Figure 15). In most pits, this
sand layer was irregular and broken with sharp lower and upper contacts. This sand unit
is found in multiple sites in Queule, with very similar characteristics (Figure 14).
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Figure 15: Nigue Sur elevation and stratigraphic profile A-A’ (Figure 5). The tan silt is
the uppermost unit in Stratigraphic Zone #2 stratigraphy and the bluish gray sand is found
in all deep cores below this stratigraphic profile.
Sand Unit C is 1-2 cm thick and laterally extensive, although with less landward
extent than the other sands (Figure 15; Figure 14). It is composed of fine gray sand,
subrounded and well sorted. The lower contact is sharp, but in several exposures the
lower contact is clear (~1cm). It is generally found near 95 cm with a maximum depth of
138 cm. In many sites, the sand is discontinuous and mixed or bioturbated (Figure 16).
This unit was found preserved only on Nigue Sur and Maitenco sites, although there are
no ages from Maitenco site to confirm this is the same unit.
The sand units A, B and C are interpreted as tsunami deposits. They show lateral
continuity across multiple portions of the study site. The deposits are composed of clean,
fairly massive sand. They are tabular with sharp lower contacts. The sand units are
thickest immediately landward of the sand spit and dunes, and become gradually thinner
with distance inland. The grain size of the sand units contrasts with the low-energy fine
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organic sediments in which the sand units are interbedded. Finally, all three sand units are
dominated by dark lithic fragments, which matches closely with the composition of the
beach sand, suggesting the beach as the source of these sand units.

Figure 16: Stratigraphy photograph at Nigue Sur site Q20B (Figure 5). Three sand
tsunami deposits and intervening sandy silt soils.
Bioturbation is observed in all sand units. A conspicuous example was observed
in the 1960 tsunami deposit unit in Q20B site (Figure 16) with 1-2cm thick sand filled
root casts and fresh water shrimp burrows in forest environment. This example is used as
a modern analog to understand the bioturbation features commonly observed, especially
in Sand Unit B. The 1960 also showed animal trampling bioturbation, especially on
saturated organic soils.
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At some sites, similar sand units were observed at multiple depths in the gouge
cores, especially Sand Units B and C. After comparing the cores to pits dug at the same
locations, we interpreted these repeated sand layers as the same sand unit being sampled
twice. For example, Figure 16 shows how burrows filled with sand from an under- or
overlying tsunami deposit can result in two sand layers, even up to 50 cm below the
original deposit. This kind of burrowing bioturbation features were constrained mainly to
the forest environments; animal trampling bioturbation was more common on the
pastures. Bioturbation features involving Sand Unit B, both trampling and burrows, were
found in the pits and cores throughout the Nigue Sur study site, including the modern
forest, pastures and marshes. The modern vegetation cover at the sites of the stratigraphic
profiles is similar to that in the 1961 aerial photographs, including the areas cleared for
agriculture and pasture, however the land cover has almost certainly changed since Sands
B and C were deposited.

Stratigraphic Zone #2 at Nigue Sur
The focus of this study is on the tsunami sand deposits in Zone #1, but the lower
stratigraphic zones are included here for comparison and context. Stratigraphic Zone #2
consists of four repeated sequences of buried silty peat horizons with moderately
decomposed organic detritus (Figure 12). These units are interbedded with inorganic silt,
with sharp to clear contacts between each bed. The peaty layers varied in organic content
ranging from 25% in most layers to 50% in more organic-rich ones. All layers were
laterally continuous across our field site, exposed by recently dug drainage trenches (>1
km long and ~2 m deep). The silt layers are all low in organic content, with colors
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varying between light brown on the upper two silt layers to greenish-gray on the lower
silts. Some of the lower contacts were sharp (~1mm) while others were gradual (>1 cm
range). The uppermost silt in this sequence is labeled as the tan silt in the stratigraphic
transects A-A’ and C-C’ (Figure 15). The tan silt formed a sharp contrast to the upper
sandy silt organic soils and tsunami deposits. It was consistently encountered in pits
across most of the Queule study sites, even those outside of the Nigue Sur site, such as
Victoria and Maitenco (Figure 2).

Stratigraphic Zone #3 at Nigue Sur
The bottom of the stratigraphy is a bluish gray clean fine to very-fine sand. This
sand layer was found in most cores where deeper samples were recovered at a depth
range of 2.05 to 2.43m, depending on location. We were unable to excavate or recover
more below this level because of groundwater saturation and sand infilling the core hole.

Stratigraphy at Maitenco
Maitenco (Figure 2) is a low marsh environment on the eastern bank of the
Queule River across from the point where the height of the modern barrier dunes is the
lowest. The top-soil around this site is wet, brown, organic-rich silty soil that is inundated
by the highest tides and is highly trampled by grazing animals. By the river bank, there is
an elevated terrain pedestal of ~50 cm height above the surrounding soil surface. Here we
found three sand deposits in river cut-bank exposures and cores (Figure 17).
The lower contact of the uppermost sand unit is at a depth range of 10-37 cm, and
was found at several locations along the river bank and inland in the Maitenco. The sand
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unit is medium grain size, highly oxidized and the layer has an average thickness of 5 cm.
Due to its stratigraphic position, lateral continuity, and similarities with the 1960 tsunami
sand at Nigue Sur, this sand was interpreted as Sand Unit A, the 1960 tsunami.

Figure 17: Maitenco site composite stratigraphy as described from a river cut-bank
exposure and multiple cores (Figure 2).
Above the 1960 tsunami sand deposit (Sand Unit A), there is a series of couplets
of silt and fine sand. The thickness of these bands gradually decreases upward from 6 cm
thick at a depth of 26 cm down to 2 cm thick at 6 cm below modern surface. These silt
and fine sand couplets likely represent bands of reworked tsunami sediments deposited
by the highest tides following coseismic subsidence during the 1960 earthquake. Similar
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couplets were documented in Alaska decades after the 1964 earthquake and tsunami
(Atwater et al., 2001).
Three sand layers are exposed in a single outcrop in the cutbank on the
downstream side of the same pedestal on the river bank: The 1960 sand at 10-12 cm
depth plus two clean, fine-grained sand layers with sharp upper and lower contacts at
depths of 49-50 cm and 75-76 cm. All are interbedded with organic-rich silt. These units
overlie a tan sandy silt at 138 cm that could be the uppermost silt of Stratigraphic Zone
#2. The second tsunami sand is also well exposed at a slightly higher elevation pedestal
by the river bank, where it is a medium- to fine-grained gray sand, with sharp lower and
upper contacts at a depth of 34-37 cm. This sand is also found in a core 3 m north along
the river bank in the same pedestal block of exposed stratigraphy. Based on their
stratigraphic positions and thickness relative to the 1960 sand, the two buried sand layers
at Maitenco were interpreted to correlate with Sand Units B and C at Nigue Sur.
A core taken in the marsh about 200 m inland from the river bank at Maitenco,
next to the main paved road, contains the two buried sand layers at 50.5-51 cm and 75-76
cm. The lower of these sand layers was 2 cm above the uppermost tan silt from
Stratigraphic Zone #2. Again, these sand layers were interpreted as Sand Units B and C.
Sand Unit A was not identified in this section, possibly because the upper portion of the
stratigraphy was wet and visibly trampled.
No sand layers were found at lower elevation sites within the low marsh at
Maitenco between the two sites described at the river and road above. This suggests that
the tsunami sand deposits have not been well preserved in the wet, low marsh
environment, which appears to be heavily trampled by grazing animals.
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Stratigraphy at Queule Victoria
The Queule Victoria site was examined mostly in shallow (<1m) cores and pits to
sample the 1960 tsunami deposit. The surface stratigraphic horizons above the 1960
tsunami deposit consisted of an O horizon grass matt followed by a brown silty A
horizon. These horizons averaged 8 cm in thickness, and the depth of the upper contact
ranged from 4-15 cm. The 1960 tsunami sand deposit is discussed in detail in the “1960
sand grain-size analysis in Queule Victoria” section. The tsunami deposit overlies a dark
brown organic silt horizon with a very sharp upper contact. The two deepest pits exposed
a tan silt layer at the base of the section (Figure 7). We correlated this tan silt with the
uppermost silt in Stratigraphic Zone #2 at Nigue Sur.

Stratigraphy Near the Queule River Outlet and Queule Town
There are several sites with sand deposits near the town of Queule. A river cutbank section near the town (Figure 2), across a narrow stream from the Queule cemetery,
contained three sand units, two of which had very sharp lower and upper contacts. At the
surface, and below the grass modern roots, there is a thin (~1 cm) sand that is interpreted
as deposited by the 2010 Maule Chile tsunami. The 2010 tsunami inundated this site, and
sand deposits from that event were observed shortly afterward on the ground surface
(Eduardo Jaramillo, personal communication, 2018). Above the middle sand were silt and
fine sand couplets with decreasing upward thickness, similar to the ones observed in
Maitenco stratigraphy (Figure 17). The couplets thin upward as the accommodation space
is filled and the land rebounds upward. However, the number of sand layers, grain size,

48

and stratigraphic context was too dissimilar from the other sites in the Queule region to
interpret the age or correlation of these sand units without further investigation.

Radiocarbon Ages
To constrain the age of the sand units, I picked through samples at the upper
surfaces of the organic horizons beneath each sand unit to find seeds and seed coatings,
leaves, wood fragments and charcoal fragments. The results provide a maximum age for
each sand unit. Fragile organics such as seeds and leaves should provide an age closer to
the age of the deposition of the sand, while wood and charcoal might have persisted on
the surface for some time before they were buried.
Below Sand Unit A, we found seed coatings in two sections (Q20B and Q10B)
and charcoal fragments, yielding ages of 350-380 yrs BP, modern age (post 1950) and
375-495 yrs BP, respectively (Table 2). These results support the interpretation that Sand
Unit A is indeed the 1960 tsunami deposit; ruling out the possibility of much older
organic material being reworked within the stratigraphy. The samples with ages greater
than 300 years indicate that some organic material can have a residence time of a few
hundred years in this environment.
Table 2: Radiocarbon ages results for Nigue Sur site. All samples were measured with
Accelerated Mass Spectroscopy (AMS) at NOSAMS. The ages were calibrated with the
Southern Hemisphere Radiocarbon Calibration Curve (SHCal 13) with the Bayesian age
model OxCal (Ramsey, 2009; Hogg et al., 2013)
Site Id

New
Sample
Id

Description

Depth
(cm)

Lab
ID

Dated
Stratigraphic
Unit

Calibrated
age
(calBP)

Original
uncalibrated
age

Q20B-38

Q1

Seed Coatings
below sand unit A

35

OS148342

Sand Unit A

380-350

365 ± 15

Q20B-39

Q2

Charcoal fragments
below sand unit A

35

OS148313

Sand Unit A

495-375

435 ± 60

Q10B-40

Q3

Seed Coatings
below sand unit A

13

OS148367

Sand Unit A

> Modern

> Modern
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-

Q1, Q2

RCQ19Z_03-02

Q4

RCQ19Z_03-01

Q5

RC-Q19Z-0105

Combined below
Sand Unit A
Seed samples
above sand unit B

-

-

Sand Unit A

476-317

-

62

OS144128

*Between Sand
Unit A ant B

1270-960

1230 ± 75

Wood fragments
above sand unit B

62

OS144129

*Between Sand
Unit A ant B

4570-3690

3790 ± 160

Q6

Wood fragments
below sand unit B

82

OS142026

*Between Sand
Unit A ant B

565-324

505 ± 70

Q20B-22

Q7

Wood fragments
below sand unit B

77

OS147375

Sand Unit B

5585-5326

4780 ± 30

Q20B-15

Q8

Charcoal below
sand unit B

68

OS147450

Sand Unit B

5300-5050

4550 ± 25

Q20B-34

Q9

77

OS147504

Sand Unit B

5740-5470

4920 ± 55

RC-Q10B-0205

Q10

Seeds and seed
coatings below
sand unit B
Wood fragments
below sand unit B

38

OS142025

Sand Unit B

4880-4520

4250 ± 70

RC-Q10B-0201

Q11

35

OS142054

Sand Unit B

1370-1300

1500 ± 15

-

-

-

Sand Unit B

5462-5315

-

Q20B-33

Q7,
Q8,Q9,
Q10
Q12

Bulk sediment
sample below sand
unit B
Combined ages
below Sand Unit B

99

OS147451

Sand Unit C

6010-5900

5240 ± 30

Q20B-28

Q13

Seeds and seed
coatings below
sand unit C
Charcoal below
sand unit C

87

OS147376

Sand Unit C

5920-5750

5140 ± 30

-

Q12,
Q13

Combined ages
below Sand Unit C

-

-

Sand Unit C

5990-5912

RC-Q19B-0109

Q14

Leaves below
uppermost silt
layer

131

OS142056

Tan silt

6280-6010

* Stratigraphic position falls between sand units 1 and 2 due to bioturbation (See text below).

50

5410 ± 25

Figure 18: Compilation of radiocarbon age results for the buried horizons ~0-1cm below
each sand unit in the Nigue Sur site except Q4 and Q5 that are extracted ~0-1cm above
the sand. Calibration and age combination was made using OxCal® using the southern
hemisphere radiocarbon calibration curve (Ramsey et. al., 2017).
Below sand unit B we collected multiple samples from three different sections:
one core (Q19Z) and to pits exposures (Q20B and Q10B; Figure 5). We combined
samples Q7, Q8, Q9 and Q10 to obtain a combined modeled age of 5462-5315 cal BP.
Seeds, seed coatings, and charcoal fragments were sampled from 1 cm below the lower
contact of Sand unit C (Q12 and Q13; Table 2). The combined age for this unit is 59905912 cal BP (Table 2).
Originally, the sand layer at 82 cm depth in core Q19Z was thought to be Sand B,
but the ages consistently fell between the ages of Sand A and Sand B from other sections.
Later excavation of a pit at that site it was noted that the dated organics below the sand
was probably a burrow filled with sand from the 1960 tsunami, as it was not present in
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the pit. As a result, the ages of Q4, Q5, and Q6 (Table 2; Figure 18) represents a point in
the stratigraphy between Sand B and Sand A at the depth of the burrow.
Very dark slightly decomposed leaves 1 cm below the uppermost tan silt layer in
Stratigraphic Zone #2 yielded an age of 6280-6170 cal BP (Table 2, Figure 18). As this is
the only radiocarbon sample we have processed so far from this unit, we have nothing
with which to directly compare the age. However, the age is consistent with its
stratigraphic position relative to the other samples from overlying units.
Some outlier dates in the stratigraphy at Nigue Sur corresponded to the type of
submitted material, while others were due to an uncertain stratigraphic level of material
processed. The outlier Q11 age (Table 1) represents the age calculated from 14C content
in a bulk sediment sample, which combines ages from multiple materials from a selected
stratigraphic layer. However, this includes material that could have been translocated
from upper stratigraphic positions, yielding younger ages, as well as material that has
been transported for some time before burial, yielding older ages. Furthermore, there is
stratigraphic level uncertainty when samples were collected from a gouge core. For
example, we revisited the site of core Q19Z (near Q20B) and dug a pit to confirm the
stratigraphic context of the dated sand but instead found extensive bioturbation with a
depth variability range of ~20 cm and found that the date represents the surface below a
burrow filled with the 1960 tsunami deposit sand. This is the case of the age results for
Samples Q4, Q5 and Q6 from site Q19Z, which fall between the ages of the other
samples from Sand Units A and B. This could happen for an animal burrow that was
filled by the overlying 1960 sand deposit, as seen in Figure 16.
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In summary, three sand layers interpreted as tsunami deposits were identified in
similar stratigraphic positions at multiple sites within the Queule study area. Sand Unit A
is the 1960 tsunami deposit. Sand Units B and C represent two tsunamis in the midHolocene with combined ages of 5385 ± 75 and 5950 ± 40 cal BP, respectively. The
radiocarbon ages below each sand unit show a time gap of ~5000 years between Sand
Unit B and the 1960 tsunami deposit (Sand Unit A).
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CHAPTER IV
DISCUSSION
The main goal of this study was to improve our understanding of megathrust
earthquakes in south-central Chile based on the 1960 tsunami and paleotsunami deposits
in Queule, Chile. In this section, I will address what was learned from each of the initial
objectives. Finally, I will summarize the findings and implications for future research.

1) Determine the spatial extent and sedimentary characteristics of the deposits from the
1960 tsunami and how they correspond to the inundation, site geometry and wave
heights, using a combination of field descriptions, grain-size analysis, historic aerial
photo analysis and numerical modeling of the tsunami inundation.
The 1960 tsunami deposit was widespread across all of the study sites at Queule.
The sand distribution and thickness of the 1960 deposit serves as evidence of dune
overtopping and extensive dune erosion. These observations are supported by field
reports that indicate that the emplaced sand deposit blocked the Queule River (Wright
and Mella, 1963) and by the results of the three tsunami simulations in this project.
Furthermore, this process is also supported by testimonies of survivors, who declared that
the dunes were overtopped and leveled along the entire Queule coastline, with the
exception of the Treque sandstone bedrock hill at the southern end of the Queule
peninsula (Figure 2).
Although the 1960 tsunami sand deposit at all sites generally showed a landward
decrease in thickness, there are sections near the dunes where the thickness increased
significantly landward and then tapered (Figure 7). This pattern was especially evident at
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the Queule Victoria site, where we observed hummocky topography corresponding to
patches of thick 1960 tsunami deposit. This could be related to post-deposition eolian reworking before vegetation cover colonized the sand deposit, or it could be the original
nature of the deposit. It might also be related to the presence of ponded water behind the
sand ridge for the entire duration of the tsunami following the inundation by the first
wave. Sand transported from the dune ridge by subsequent waves would have been
deposited into standing water, which could curtail the landward extent of the sediment
deposit and affect the distribution of the sediment.
The 1961 aerial imagery provided a good estimate of the 1960 tsunami sand
extent (Figure 5). This information was complemented with field observations to
overcome the limitations of the aerial imagery. For example, there were locations in the
Nigue Sur site where the aerial imagery showed a dark patch within and at the boundary
of the reflective sand layers. It is not easily discernible whether these patches represent
areas with no sand or forested areas that cover the sand. This could lead to an
underestimation of the actual spatial distribution of the sand deposits using the imagery
along. Furthermore, areas with intermediate reflectance, digitally mapped as possible
tsunami deposit, could represent thin sand deposits or finer grain sediments deposited by
the 1960 tsunami. Confirming this maximum extent in the field was challenging because
the preservation potential of either thin deposits or mud deposits is low (Szczuciński,
2012; Spiske et al., 2013).
The inland extent of tsunami deposits is controlled by several factors including:
sand source, flow velocity of the tsunami and topography (Goto et al., 2011b). Prior to
1960, Queule had conspicuous sand sources at the beach and eolian coastal dunes. At the
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coastal plain behind Nigue Sur and Queule Victoria sites, the average maximum
inundation distance of the 1960 tsunami was 3.5 km (Figure 5). The mapped inland
extent of the tsunami sand, measured perpendicular to the shoreline where the coastal
plain is the widest, averaged 1.1 km or 31% of the simulated inundation distance.
Hydrodynamic forces controlled the inland extent of the 1960 tsunami deposits,
while the tsunami inundation was controlled by topography. The maximum inundation
was constrained by irregular bedrock hills, thus a site with a narrow coastal plain between
the shoreline and the bedrock hill would yield a low tsunami inundation distance, and the
ratio of the sand extent to the inundation would be higher than for a site with a wider
coastal plain. A series of transects measuring horizontal distances were made to account
for some of this variability. These measurements should not be used for model calibration
because the maximum inundation distance of the tsunami was controlled by the bedrock
hills and not by the dissipation of the tsunami wave energy.
Considering the size of the 1960 earthquake and tsunami, all three GeoClaw
simulations provided reasonable estimates of the size of the tsunami waves at Queule.
The simulation agreed with testimonies of multiple survivors of the 1960 tsunami in
several ways: (1) the tsunami inundated low-land plains and reached the base of upland
hills, (2) the tsunami overtopped the sand dunes with the exception of the sandstone
bedrock hill at Treque and, (3) the first tsunami wave was not the largest at the inland
sites near the town of Queule and upstream along the Queule River, where the interview
subjects were when the tsunami occurred. (The first wave was the largest only at the
outer shoreline in the simulation based on the source from Moreno et al. (2009), but all of
the survivors that we interviewed were inland, where all three source models agreed)
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(Figure 11; Figure 12). However, the simulations seem to overestimate the flow depth at
the town of Queule, where post-tsunami observations estimated the wave height to be 4
m at a point 1.5 km inland based on a debris line on trees (Weischet, 1960). The
maximum flow depth calculated by the GeoClaw simulation in the same estimated area
(near Queule town) was 8.3 m when the results from all three simulations were averaged.
There is some uncertainty of exactly where the historical flow depth observation was
made, the debris line represents a minimum water depth, and the water surface in the
simulations might be elevated by interaction with the nearby bedrock hillside.
Using the combination of tsunami simulations and geological field observations
can better inform interpretations of tsunami deposits. For instance, both the simulations
based on the sources of both Barrientos and Ward (1990) and Dolcimascolo (2019)
showed that the highest wave height at the shoreline was the second tsunami wave.
However the first tsunami wave, although not the largest, overtopped the sand dunes and
inundated the entire Queule valley, where the water remained ponded (Figure 11). The
second tsunami wave subsequently overtopped the sand dunes and encountered a lagoon
of ponded water. The ponded water would reduce flow velocity and, likely, cause rapid
sediment deposition. This could explain the short sand deposit inland extent compared
with the inundation distance of the tsunami waves. The sand deposit had a lower than
expected inland extent in some areas, such as Queule Victoria. This could be the result of
sand from the dune ridge being transported directly into standing water after the
inundation by the first wave, and the depositional environment might therefore have more
similarities with a delta rather than a wave traveling over a dry coastal plain.
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2) Determine the number, frequency, ages and possibly relative magnitude of past
tsunamis in the depositional record at Queule.
We identified and dated up to three sand units interpreted as tsunami deposits.
The interpretation criteria for the sand units were clean sand, tabular, and laterally
continuous with sharp lower contacts. These criteria were met in all sands, with some
local exceptions in the lateral continuity. Some lateral discontinuities can be explained by
natural sand deposition variability following previous local topography, while in other
sites they were attributed to bioturbation by animal trampling and burrows. The number
and spatial distribution of the tsunami sand deposits varies throughout the sites. In Nigue
Sur and Maitenco we found three tsunami sands, while in in Queule Victoria and Nigue
Norte we only found the 1960 tsunami sand. The total number of separate tsunami
deposits near the town of Queule was inconclusive, although there are at least two
(Figure 14). The uppermost sand at most sites is interpreted as the 1960 tsunami deposit.
However, at the Queule River outlet and town sites, the uppermost sand in the top 1 cm is
attributed to the 2010 Maule tsunami (Jaramillo, 2017; pers. comm.). The stratigraphy of
the sites near the Queule River outlet was more complex than the other sites, probably
due to the stronger interaction between the river and tidal processes.
The sand layers are interpreted to have been deposited by tsunamis because there
is no evidence of other processes that could deposit sand layers with medium sand grain
size, tabular geometry, great lateral extent and sharp/erosive lower contacts. The Queule
River is unlikely to have deposited the sand layers because the channel passes through a
bedrock ridge north of Nigue Sur, which constrains the lateral migration of the river at
that site. These geomorphic conditions limit sand delivery from fluvial overbank
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sedimentation or paleochannel deposits very far from the current river channel location.
The river itself has a relatively small catchment and the wide channel is mainly due to
increased tidal encroachment following co-seismic subsidence during the 1960
earthquake. We did not observe any equivalent sandy overbank flood deposits along the
channel margins within the study area or upstream. Colluvial deposits from the bedrock
headland to the north of Nigue Sur are bright orange clay deposits. They were distributed
as irregular nodule within in the stratigraphy of a few sites near the hillslope, but did not
form sand layers. This orange clay corresponds to the saprolite formed by the weathered
metamorphic bedrock of the headland.
The only means to transport significant amounts of sand that could form layers in
the stratigraphy at all of the sites would be either a tsunami overtopping the coast dune
ridge or eolian transport from the dunes inland. Sand brought by eolian process would be
unlikely to produce the consistent tabular sand sheets and landward-thinning geometry
with sharp/erosive contacts. Overwash by storms is not likely to be the main driver
because the sand berm built by the highest storm waves is 400 m from our closest site in
Nigue Sur with ~6m high sand dunes overlying it. Moreover, storm overwash deposits
generally extend few meters (<300m) inland (Morton et al., 2008), and we found deposits
over 1 km inland at Maitenco, the Queule town site and the furthest portions of Nigue
Sur. Therefore, the most plausible sand deposition mechanism is overwash from
tsunamis.
The silt and fine sand couplets observed in this deposit likely represent new
accommodation space filled in by the highest tides of the years following the subsidence
during the 1960 earthquake (Atwater et al., 2001). These couplets are found at Maitenco
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and the Queule River outlet sites along the river cutbank outcrops. This suggests that
these sites were the most prone to tsunami deposit reworking by the tides compared to the
other sites that were described through cores and pits.
The preserved record of tsunamis in Queule is discontinuous, with a missing
record in the late Holocene between 500 and 4520 cal yrs BP. The possibility of old
organic material being reworked and producing inaccurate radiocarbon ages for each
stratigraphic layer is rejected. We tested this by submitting samples for radiocarbon
dating from the surface below the 1960 tsunami deposit. The samples yielded ages within
the last 495 cal yrs BP, including a modern age for samples of seed coatings. These
results seem reasonable considering that the two older ages for 1960 of 350-380 and 375495 cal BP are from a stratigraphic surface that might have been eroded by the tsunami
before deposition, as evidenced by rip-up clasts within the tsunami deposit. The ages
greater than 4500 years BP for the two older tsunami deposits are based on seven
samples, all but one of which yielded ages within a similar time frame. They are also
stratigraphically consistent with the age of the underlying tan silt from Stratigraphic Zone
#2. All of these factors instill confidence in the accuracy of the radiocarbon ages from the
three tsunami deposits.
The geologic evidence of the tsunamis at Queule contrasts with the historical
record of tsunamis in south-central Chile, where at least 4 large earthquakes and/or
tsunamis were recorded in the past 500 years: AD 1575, 1737, 1837 and AD 1960
(Cisternas et al., 2017). The written and geologic evidence of the AD 1575 earthquake
and tsunami in south-central Chile indicates that it was similar in latitudinal extent and
magnitude to the 1960 event. Previous paleoseismic studies interpreted tsunami deposits
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from the 1575 tsunami at northern sites in Tirúa (Ely et al., 2014; Dura et al., 2017) and
southern sites in Maullín (Cisternas et al., 2005), Chaculén (Garret et al., 2015), Cocotué
(Cisternas et al., 2017b) and Lake Huelde (Kempf et al., 2017). Based on this multi-proxy
evidence, along with the geomorphic setting and geographic location of the Queule site,
we expected to find a deposit from the 1575 tsunami and potentially from the 1837
tsunami. The 1737 earthquake did not have a recorded tsunami in Chile. We found no
deposits from any of these recent historic events. If the geometry of the coast and dune
ridge were the same as today, our geologic evidence indicates that these historical
tsunamis were not capable of producing deposits similar to those of the 1960 tsunami in
Queule.
One possibility is that the Queule site is particularly sensitive to a large tsunami
generated by the rupture pattern of the 1960 earthquake. All crustal deformation
inversion studies show the maximum slip of the 1960 close to the latitude of Queule,
(Barrientos and Ward, 1990; Moreno et al., 2009; Fuji and Satake, 2013; Figure 10),
potentially making the tsunami especially large at this site. If no major changes in
geometry and sand source occurred between 1575 and 1960, then the 1575 and 1837
tsunamis were indeed smaller at this study site. This does not necessarily suggests that
the 1960 earthquake was larger overall, but rather that the tsunami produced by the 1960
rupture exceeded the tsunami produced by the 1575 and 1837 earthquake ruptures at this
location.
Another factor to consider is vegetation changes and how Mapuche agricultural
practices could have affected the preservation of historical tsunamis. According to
historical imagery from 1961 to present, the Valdivian forest in Nigue Sur (Site Q20B;
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Figure 1960_tsunami_sand) survived the 1960 tsunami. The 1944 aerial images show
Mapuche houses near the Queule River bank, all of which were destroyed by the 1960
tsunami. This opens the question of whether the 1575 tsunami sand could have been
plowed at some later point, after plows were introduced by the Spanish. There is no direct
evidence to support or negate this possibility. However, if the 1575 tsunami deposited a
similar amount of sand into agricultural fields and these were eventually plowed, then I
would expect to find a higher sand component in the soil texture of the pre-1960 soil.
This is not consistent with our observations at Nigue Sur. The presence of the buried
tsunami sand units B and C at multiple sites with no evidence of another sand layer below
Sand A at any of our hundreds of exploratory cores and excavations also makes this
scenario less likely.
It is not surprising that the 1837 tsunami did not leave geologic evidence because
the latitudinal extent based on historical records locate this event further south in the
subduction zone (Cisternas et al., 2017a). However, we documented accounts of a past
tsunami before 1960 from two independent interviews with residents. One of the
interviewed residents affirmed that her great great grandmother survived an earlier event
when “the sea came out to the land”. This oral account was passed through four
generations; and it would match a tsunami around the time of the 1837 historical tsunami.
Therefore, it is possible and likely that other tsunamis have inundated the areas near the
river, but no geologic evidence was preserved. If these tsunamis traveled up the Queule
River channel but did not overtop the beach ridge and dunes, then they could have
inundated the landscape but would not have transported a sufficient amount of sand-sized
sediment to leave a thick sand deposit that would be preserved in the stratigraphic record.
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As mentioned above, the beach ridge and dunes provided the sand source for the 1960
tsunami deposit at Queule, and almost certainly for the two older tsunami deposits as
well.

3) Assess how changes in the geometry or relative sea level of the site could affect the
accumulation, preservation and depositional characteristics of the paleotsunami record
at Queule.
The simplest explanation that could explain the tsunami deposit record in Queule
is that the 1960 tsunami was the largest in ~5000 years. However, considering that the
historical record and evidence from other geological sites suggest that the 1575 tsunami
was of similar magnitude to the 1960 tsunami, this is not likely the case. Geological
evidence from the last 2000 years at other coastal sites suggests that giant earthquakes
and tsunamis like 1960 occur at a recurrence interval of ~285 years (Cisternas et al.,
2017a; Cisternas et al., 2005). Thus other considerations will be discussed in the
following pages.
A more plausible explanation for the discontinuous record is that sea level was
higher sometime in the mid-Holocene. The Holocene sea-level high-stand predicted for
southern Chile is ~8 m between 7,000 and 5,000 cal yrs BP and ~ 3 m in central Chile
(Dura et al., 2016; Dura et al., 2017). This mid-Holocene sea-level high-stand was
followed by a relative sea-level fall until 2,000 cal yrs BP, when it gradually reached
present mean sea level. A gap in the stratigraphic record is also observed at other
paleoseismic study sites in southern Chile that are based on coastal marsh stratigraphy,
where earthquake and tsunami reconstructions do not pre-date 2,000 years BP (Nelson et
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al., 2009; Cisternas et al., 2005; Garret et al., 2015). Furthermore, Atwater et al. (1992)
documented a net late-Holocene land emergence based on comparisons of elevations of
modern and ancient intertidal marsh vegetation.
The stratigraphic zones at the Nigue Sur site could be recording changes in
relative sea level from rapid rise during the early Holocene followed by a mid-Holocene
sea-level high-stand and a rapid fall to present sea level during the late Holocene. I
interpret the gray sand found on Stratigraphic Zone #3 throughout Queule as an open
marine embayment, probably from the early Holocene (Figure 19, Time 1).
The environment of Stratigraphic Zone #2 is interpreted as shallow sub-tidal and
tidal marsh sediments older than 6,000 yrs BP (Figure 15; Table 1). Relative sea level
could have been higher at the time, and the lowland area behind the dunes was partially
or completely submerged in a coastal lagoon protected by a barrier. This stratigraphic
zone is interpreted as a sequence of co-seismic land-level changes in the past due to the
nature of their sharp contacts. The magnitude of these coseismic land-level changes is
unknown and will be estimated using diatom assemblages changes across the contacts
and Bayesian transfer functions (Dura et al., 2017; Garret et al., 2015) by another
researcher. As relative sea-level rise decelerated and reached a high stand, Stratigraphic
Zone #2 started to develop through the duration of the mid-Holocene sea-level high-stand
and initial sea-level fall (Figure 19, Time 2). The inorganic silts and intervening organic
silt layers in this zone imply that the Queule sites were in a protected area of quiet water,
perhaps a shallow lagoon or an embayment behind a barrier that was farther from shore
than today. The four buried organic horizons at Stratigraphic Zone #2 might record a
series of at least four co-seismic land-level changes during this period (Figure 19, Time
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2). Nevertheless, distinct tsunami sand deposits were not consistently observed at these
depths, which suggests that this site must have been either far from any sand source or
that tsunamis were not capable of breaching the barrier that protected the silts and
organic-rich silt horizons.

Figure 19: Proposed model schematic diagram showing the hypothetical sequences of
events that led to Nigue Sur stratigraphic zones formation. Time 1: Late Holocene, Time
2: Mid-Holocene high stand Time 3: rapid sea-level fall and Time 4: gradual fall in
relative sea level until present day.
As sea level started to fall at the end of this time window, the Nigue Sur site
might have become exposed above sea level. A sand source developed, either the barrier
became more exposed or moved closer to our site, and the lower sections of the
Stratigraphic Zone #1 with the tsunamis from Sand Unit C and B were deposited (Figure
19, Time 3). This site could have recorded other tsunami sands that eroded or were buried
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under the present sand ridge, or the time period conducive to the accumulation and
preservation of the tsunami sands was very short and only two events large enough to
overtop the sand barrier occurred before conditions changed. As relative sea level started
to rapidly fall, the coastal barrier, such as the present dunes, would become an
increasingly higher threshold that tsunamis could not overtop. Finally, relative sea-level
fell to present sea level where the current geomorphic configuration developed with the
closer sand spit and coastal eolian sand dunes serving as sand source for the 1960
tsunami to leave its widespread geologic evidence (Figure 19, Time 4).
Relative sea-level fall is not an ideal scenario for a continuous paleoearthquake
and tsunami record preservation (Dura et al., 2016). Rapid or gradual relative sea-level
fall exposes wetland stratigraphy to erosion and bioturbation, creating thin deposits with
low preservation potential (Dura et al., 2016).
The long period of 5000 years when no earthquakes or tsunamis have been
recorded in the stratigraphy at Queule could also be explained by tectonics. This section
of the subduction zone could have been releasing stress in small and frequent earthquakes
during this period. Small earthquakes have to be small enough not to cause major landlevel changes and still record a net decrease in sea-level. Again, this idea refutes the
geological and historical evidence of previous large earthquakes in south-central Chile.
Additional evidence from multiple sites would be necessary to support this idea.
Another scenario that could explain the gap in the stratigraphic record of tsunami
deposits at Queule is a possible change in the height or position of the beach ridge and
dunes after the last large historical tsunami and before 1960 that would have allowed the
1960 tsunami to overtop the previously unexceeded sand barrier. Causes of such changes
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could include human activities directly lowering the barrier by agriculture or excavation
of the sand berm. Indirect causes that alter the sediment supply or position of the sand
ridge and dunes could also affect the ability of tsunamis to exceed the barrier. There is no
direct evidence to support this hypothesis, and the available information makes this
scenario unlikely. Comparison of aerials photographs from 1944, 1961 and subsequent
years indicate little change in the position of the shoreline from the bedrock headland at
Nigue Sur southward to the tip of the sand spit in the last 70 years, although the shoreline
north of the headland (Nigue Norte) has migrated laterally by over 500 m (Figure A1,
Appendix A). The tsunami simulations and eyewitness testimonies from residents all
indicate that the 1960 tsunami easily overtopped the elevation of the sand barrier along
the entire length of the sand spit (Figure 11). This would require a significant lowering or
change in the position of the sand berm and dunes in the historic period prior to 1960 that
was unprecedented in the previous 5000 years.

4) Consider the results from Queule within the context of previous paleoseismic studies in
the region.
Considering the historical record in south-central Chile and our geologic record at
Queule, the 1960 tsunami seems to be unusual at this particular site. This conclusion is
supported by the absence of geologic evidence from the AD 1575 earthquake, which
most closely resembles the 1960 earthquake shaking and tsunami extent based in the
combination of historical and geologic evidence (Cisternas et al. 2005; 2017; Moernaut et
al., 2015; Figure 20). The absence of geological evidence of the 1575 tsunami could
suggest that the earthquake slip spatial distribution and/or magnitude were significantly
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different from the 1960 earthquake rupture. This would suggest that the 1575 tsunami in
Queule was indeed smaller and was not able to overtop the sand dunes at Nigue Sur.

Figure 20: Compilation of previous studies and Queule results of tsunami geological
evidence proxy ages in south-central Chile for the past 6,000 years.
The only other paleotsunami record that approaches the age of the oldest tsunami
deposits at Queule is from Lake Huelde, a coastal lake in southern Chiloé Island that has
preserved 17 tsunami overwash deposits in the last 5500 years (Kempf et al., 2017;
Figure 20). To date, Lake Huelde is the coastal site with the longest record of tsunami
geological evidence. Our study extends this record with an older tsunami corresponding
to Sand Unit C with the age of 5900-6010 cal yrs BP. Interestingly, the lowermost and
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oldest sandy unit at Lake Huelde, hQ, dates to 4960-5360 cal yrs BP, which overlaps with
the age of Sand Unit B at Queule (5310-5460 cal yrs BP).
The 1960 deposit is by far the most widespread deposit at Lake Huelde, with
numerous characteristics typical of tsunami deposits, including rip-up clasts in a sandy
matrix. Better preservation of this deposit is to be expected because it is the most recent,
but the deposits that most closely approach it in terms of the extent of the sandy deposit
and the presence of rip-up clasts occurred ~3890, 3740, 2200 and 1860 cal. yrs. BP.
Several younger deposits, including the deposits from AD 1575, are not as extensive or
do not contain as many characteristics diagnostic of large, erosive tsunamis. Although the
ages of the largest paleotsunami deposits at Lake Huelde are not the same as the older
Sands B and C at Queule, the record does indicate that the 1960 tsunami could indeed
have been an unusually large event when compared with many or even all others over the
last 5500 years.
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CHAPTER V
SUMMARY AND CONCLUSIONS
The purpose of this thesis was to increase our understanding of megathrust
earthquakes and tsunamis by mapping and reconstructing the paleotsunami record in
Queule, south-central Chile, emphasizing the 1960 tsunami event and its geological
evidence across the site. For this, I described the stratigraphy and used radiocarbon dating
of plant remains (e.g. wood fragments, seeds and charcoal) to constrain the approximate
ages of three tabular, thin sand layers found extensively in our sites. These sands,
interbedded with organic-rich silt layers, are interpreted as tsunami deposits brought by
tsunami-induced overwash sometime between 5460 - 5310 and 5990 - 5910 cal BP, and
in AD 1960.
The results contrast with the tsunami historical record in south-central Chile and
the geologic evidence from multi-proxies studies in the region. There is an absence of
tsunami deposits in the last ~5000 years other than those from the 1960 tsunami, and the
presence of two mid-Holocene age tsunami deposits in Stratigraphic Zone #1. These
results suggest that the Queule sites are recording a gradual sea-level fall between the
mid- and late Holocene with potentially substantial changes in coastal geomorphology.
Below Stratigraphic Zone #1 are a series four interbedded, dark brown, organic-rich silt
layers and largely inorganic gray silt layers (Stratigraphic Zone #2). The organic-rich silt
layers interpreted as buried organic O horizons alternating with inorganic subtidal silts
could be caused by co-seismic land-level changes. However, this interpretation needs
further data (e.g. diatoms assemblages) to confirm this hypothesis. The basal
Stratigraphic Zone #3 consists of unconsolidated fine gray sand and was interpreted as a
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sub-marine environment. The evidence from Stratigraphic Zones #2 and #3 in this study,
along with scarcity of geologic evidence for tsunamis older than 2,000 years in previous
studies in southern Chile, support the hypothesis of a higher mid-Holocene sea level. The
absence of geologic evidence of historical tsunamis in Stratigraphic Zone #1, such as the
well-documented event in AD 1575, and the widespread presence of 1960 tsunami
geologic evidence suggests that Queule might be particularly sensitive to the megathrust
rupture pattern that occurred in the 1960 earthquake. Possible implications are that large
earthquakes such as in AD 1575 have had different rupture patterns along the megathrust
interplate, or that geomorphic conditions at this site in the past differ significantly from
today.
This study shows the importance of considering sea-level changes in the past
when searching for coastal paleoseismic evidence of past earthquakes and tsunamis. Sealevel fall hinders the preservation potential of long-term stratigraphic records. Therefore,
locations of Holocene gradual relative sea-level rise are more likely to have longer and
more complete records. This is crucial to further conclusions of the long-term patterns of
megathrust earthquake and tsunami occurrence along any particular subduction zone.
Lastly, I computed forward hydrodynamic tsunami simulations of the 1960
tsunami to extract information about the wave height and inundation patterns using three
published earthquake sources. This allowed me to confidently tie the sedimentary and
stratigraphic characteristics of the 1960 tsunami deposit to the simulated hydrodynamic
forcing that produced it. All three simulations agreed with historical accounts and
interviews with survivors of the 1960 tsunami in that the tsunami inundated all of the
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Queule low lands and overtopped the sand dunes extensively, with the exception of the
much higher sandstone bedrock hill at the southern end of the Queule sand spit.

Future work
Future work should focus on constraining radiocarbon ages at other sites in
Queule near the Queule town. This would further reduce uncertainty related to dating
constraints of tsunami deposits in Queule. Furthermore, the hypothesis of four co-seismic
buried horizons in Stratigraphic Zone #2 should be addressed by quantifying diatom
assemblages along the contacts of these stratigraphic layers. This would not only confirm
whether the buried organic silt layers are indeed indications of old earthquakes, but could
aid in quantifying crustal deformation at this particular site, further increasing our
understanding of megathrust earthquake rupture patterns within south-central Chile.

72

REFERENCES
Abe, K., 1979, Size of great earthquakes of 1837–1974 inferred from tsunami data:
Journal of Geophysical Research, v. 84, p. 1561, doi: 10.1029/JB084iB04p01561.
Alvarez, L., 1963, Studies Made Between Arauco and Valdivia With Respect To the
Earthquakes of 21 and 22 May 1960: Bulletin of the Seismological Society of
America, v. 53, p. 1315–1330.
Atwater, B.F., 1987, Evidence for great Holocene earthquakes along the outer coast of
Washington State: Science, v. 236, p. 942–944.
Atwater, B.F., Jiménez Nuñez, H., and Vita-Vinzi, C., 1992, Net Holocene emergence
despite earthquake-induced submergence, South-Central Chile: Quaternary
International, v. 15/16, p. 77–85.
Atwater, B.F., Nelson, A.R., Clague, J.J., Carver, G.A., Yamaguchi, D.K., Bobrowsky,
P.T., Bourgeois, J., Darienzo, M.E., Grant, W.C., Hemphill‐Haley, E., Kelsey, H.M.,
Jacoby, G.C., Nishenko, S.P., Palmer, S.P., et al., 1995, Summary of Coastal
Geologic Evidence for Past Great Earthquakes at the Cascadia Subduction Zone:
Earthquake Spectra, v. 11, p. 1–18, doi: 10.1193/1.1585800.
Atwater, B.F., Yamaguchi, D.K., Bondevik, S., Barnhardt, W.A., Amidon, L.J., Benson,
B.E., Skjerdal, G., Shulene, J.A., and Nanayama, F., 2001, Rapid resetting of an
estuarine recorder of the 1964 Alaska earthquake: Bulletin of the Geological Society
of America, v. 113, p. 1193–1204, doi: 10.1130/0016-7606(2001)113
Atwater, B.F., Cisternas, M., Yulianto, E., Prendergast, A.L., Jankaew, K., Eipert, A.A.,
Starin Fernando, W.I., Tejakusuma, I., Schiappacasse, I., and Sawai, Y., 2013, The
1960 tsunami on beach-ridge plains near Maullín, Chile: Landward descent,
renewed breaches, aggraded fans, multiple predecessors: Andean Geology, v. 40, p.
393–418, doi: 10.5027/andgeoV40n3-a01.
Bale, D.S., LeVeque, R.J., Mitran, S., and Rossmanith, J.A., 2003, A Wave Propagation
Method for Conservation Laws and Balance Laws with Spatially Varying Flux
Functions: SIAM Journal on Scientific Computing, v. 24, p. 955–978, doi:
10.1137/S106482750139738X.
Barrientos, S.E. and Ward, S.N., 1990, The 1960 Chile earthquake: inversion for slip
distribution from surface deformation. Geophysical Journal International, v. 103, p.
589-598.
Berninghausen, W. H., 1962, Tsunamis reported from the west coast of South America,
1562-1960. Bulletin of the Seismological Society of America, vol. 52, no. 4, p. 915921.

73

Bourgeois, J., Petroff, C., Yeh, H., Titov, V., Synolakis, C.E., Benson, B., Kuroiwa, J.,
Lander, J., and Norabuena, E., 1999, Geologic setting, field survey and modeling of
the Chimbote, northern Peru, tsunami of 21 February 1996: Pure and Applied
Geophysics, v. 154, p. 513–540, doi: 10.1007/s000240050242.
Cifuentes, I., 1989, The Great 1960 Chile Earthquakes: Journal of Geophysical Research,
v. 94, p. 665–680.
Cisternas, M., Atwater, B.F., Torrejón, F., Sawai, Y., Machuca, G., Lagos, M., Eipert, A.,
Youlton, C., Salgado, I., Kamataki, T. and Shishikura, M., 2005. Predecessors of the
giant 1960 Chile earthquake: Nature, 437(7057), p.404-407.
Cisternas, M., Carvajal, M., Wesson, R., Ely, L.L., and Gorigoitia, N., 2017a, Exploring
the historical earthquakes preceding the giant 1960 Chile earthquake in a timedependent seismogenic zone: Bulletin of the Seismological Society of America, v.
107, p. 2664–2675, doi: 10.1785/0120170103.
Cisternas, M., Garrett, E., Wesson, R., Dura, T., and Ely, L.L., 2017b, Unusual geologic
evidence of coeval seismic shaking and tsunamis shows variability in earthquake
size and recurrence in the area of the giant 1960 Chile earthquake: Marine Geology,
v. 385, p. 101–113, doi: 10.1016/j.margeo.2016.12.007.
Clawpack Development Team, 2017, Clawpack Version 5.4.0:, doi:
10.5281/ZENODO.262111.
Dawson, A.G. and Stewart, I., 2007, Tsunami deposits in the geological record.
Sedimentary Geology, v. 200, no. 3-4 p. 166-183, doi:
10.1016/j.sedgeo.2007.01.002.
Dolcimascolo, A.R., 2019, Defining historical earthquake rupture parameters and
proposed slip distributions through tsunami modeling in south-central Chile, Masters
Thesis: Central Washington University
Dominey-Howes, D.T.M., Humphreys, G.S., and Hesse, P.P., 2006, Tsunami and
palaeotsunami depositional signatures and their potential value in understanding the
late-Holocene tsunami record. The Holocene, v. 16, no. 8, p. 1095-1107, doi:
10.1177/0959683606069400.
Eaton, J. P., Richter, D. H., & Ault, W. U., 1961, The tsunami of May 23, 1960, on the
Island of Hawaii: Bulletin of the Seismological Society of America, v.51(2), p. 135157.
Egbert, G. D., and Erofeeva, S. Y., 2002, Efficient inverse modeling of barotropic ocean
tides. Journal of Atmospheric and Oceanic Technology, v. 19-2, p.183-204.

74

Gelfenbaum, G., and Jaffe, B., 2003, Erosion and sedimentation from the 17 July, 1998
Papua New Guinea tsunami: v. 160, 1969-1999 p., doi: 10.1007/s00024-003-2416-y.
Goff, J., Chagué-Goff, C., Nichol, S., Jaffe, B., Dominey-Howes, D., 2012, Progress in
palaeotsunami research. Sedimentary Geology, v. 243–244, p. 70–88, doi:
10.1016/j.sedgeo.2011.11.002.
Goto, K., Chagué-Goff, C., Goff, J., and Jaffe, B., 2011a, The future of tsunami research
following the 2011 Tohoku-oki event. Sedimentary Geology, v. 282, p. 1-13.
Goto, K., Chagué-Goff, C., Fujino, S., Goff, J., Jaffe, B., Nishimura, Y., Richmond, B.,
Sugawara, D., Szczuciński, W., Tappin, D.R., Witter, R.C., and Yulianto, E., 2011b,
New insights of tsunami hazard from the 2011 Tohoku-oki event: Marine Geology,
v. 290, p. 46–50, doi: 10.1016/j.margeo.2011.10.004.
Hogg, A.G., Hua, Q., Blackwell, P.G., Niu, M., Buck, C.E., Guilderson, T.P., Heaton,
T.J., Palmer, onathan G., Reimer, P.J., Reimer6, R.W., Turney, C.S.M., and H, S.R.,
2013, SHCAL13 SOUTHERN HEMISPHERE CALIBRATION, 0–50,000 YEARS
CAL BP: Radiocarbon, v. 55, p. 1889–1903.
Jaffe, B. E., and Gelfenbaum, G., 2002, Using tsunami deposits to improve assessment of
tsunami risk, Solutions to Coastal Disasters ‘02, Conference Proceedings, ASCE, p.
836- 847.
Jaffe, B.E., and Gelfenbuam, G., 2007, A simple model for calculating tsunami flow
speed from tsunami deposits: Sedimentary Geology, v. 200, p. 347–361, doi:
10.1016/j.sedgeo.2007.01.013.
Kumizi, Iida, 1984, Catalog of tsunamis in Japan and its neighboring countries. Aichi
Institute of Technology, Yachigusa, Yakusa-cho, Toyota-shi, 470-03, Japan, 52 p.
Leveque, R.J., George, D.L., and Berger, M.J., 2011, Tsunami modelling with adaptively
refined finite volume methods: Acta Numerica, v. 20, p. 211–289, doi:
10.1017/S0962492911000043.
Melnick, D., Bookhagen, B., Strecker, M.R., and Echtler, H.P., 2009, Segmentation of
megathrust rupture zones from fore-arc deformation patterns over hundreds to
millions of years, Arauco peninsula, Chile: Journal of Geophysical Research: Solid
Earth, v. 114, p. 1–23, doi: 10.1029/2008JB005788.
Minoura, K., and Nakaya, S., 1991, Traces of Tsunami Preserved in Inter-Tidal
Lacustrine and Marsh Deposits : Some Examples from Northeast Japan: Journal of
Geology, v. 99, p. 265–287.
Moore, A.L., McAdoo, B.G., Ruffman, A., 2007. Landward fining from multiple sources
in a sand sheet deposited by the 1929 grand banks tsunami, newfoundland.

75

Sedimentary Features of Tsunami Deposits - Their Origin, Recognition and
Discrimination: An In- troduction. Sedimentary Geology 200, pp. 336–346
Moreno, M., Melnick, D., Rosenau, M., Bolte, J., Klotz, J., Echtler, H., Baez, J., Bataille,
K., Chen, J., Bavis, M., Hase, H. and Oncken, O., 2011, Heterogeneous plate
locking in the South-Central Chile subduction zone: Building up the next great
earthquake. Earth and Planetary Science Letters, v. 305, p. 413-424.
Morton, R.A., Gelfenbaum, G., and Jaffe, B.E., 2007, Physical criteria for distinguishing
sandy tsunami and storm deposits using modern examples: Sedimentary Geology, v.
200, p. 184–207, doi: 10.1016/j.sedgeo.2007.01.003.
National Geophysical Data Center / World Data Service: NCEI/WDS Global Historical
Tsunami Database. NOAA National Centers for Environmental Information.
doi:10.7289/V5PN93H7 (accessed May 29, 2019)
Nelson, A.R., Kashima, K., and Bradley, L.A., 2009, Fragmentary evidence of greatearthquake subsidence during holocene emergence, Valdivia estuary, South Central
Chile: Bulletin of the Seismological Society of America, v. 99, p. 71–86, doi:
10.1785/0120080103.
Nelson, A.R., Shennan, I., and Long, A.J., 1996, Identifying coseismic subsidence in
tidal-wetland stratigraphic sequences: Jounal of Geophysical Research, v. 101, p.
6115–6135.
Peters, R., and Jaffe, B., 2010, Identification of tsunami deposits in the geologic record;
developing criteria using recent tsunami deposits in United States Geological Survey
Open-File Report, p. 0-43
Pino, M., and Muslow, S., 1983, Distribucion De Facies Granulometricas En El Estuario
Del Rio Queule, Ix Region: Un Analisis De Componentes Principales: Revista
Geologica de Chile, v. 18, p. 77–85
Plafker, G., and Savage, J.C., 1970, Mechanism of the Chilean earthquakes of May 21
and 22, 1960: Geological Society of America Bulletin, v. 81, p. 1001–1030.
Ramsey, C.B., 2009, Bayesian Analysis of Radiocarbon Dates: Radiocarbon, v. 51, p.
337–360, doi: 10.2458/azu_js_rc.v51i1.3494.
Satake, K., and Atwater, B.F., 2007, Long-term perspectives on giant earthquakes and
tsunamis at subduction zones: Annual Review of Earth and Planetary Sciences, v.
35, p. 349–374, doi: 10.1146/annurev.earth.35.031306.140302.
Satake, K., 2014, Advances in earthquake and tsunami sciences and disaster risk
reduction since the 2004 Indian Ocean tsunami. Geoscience Letters, v. 1, 15 p.,
doi:10.1186/s40562-014-0015-7.

76

Satake, K., Wang, K., and Atwater, B. F., 2003, Fault slip and seismic moment of the
1700 Cascadia earthquake inferred from Japanese tsunami descriptions. Journal of
Geophysical Research: Solid Earth, v. 108, B11, 2535, doi 10.1029/2003JB002521.
Sawai, Y., Namegaya, Y., Okamura, Y., Satake, K., and Shishikura, M., 2012,
Challenges of anticipating the 2011 Tohoku earthquake and tsunami using coastal
geology. Geophysical Research Letters, v. 39, no. 21, doi: 10.1029/2012GL053692.
Sievers C., H.A., Villegas C., G., and Barros, G., 1963, The seismic sea wave of 22 May
1960 along the Chilean coast: Bulletin of the Seismological Society of America, v.
53, p. 1125–1190, https://dx.doi.org/.
Soloviev, S.L., and Ch.N. Go, 1975, A catalogue of tsunamis on the eastern shore of the
Pacific Ocean [dates include 1513-1968]. Academy of Sciences of the USSR, Nauka
Publishing House, Moscow, 204 p.
Soulsby, R., Smith, D., Ruffman, A., 2007. Reconstructing Tsunami Run-Up from
Sedimen- tary Characteristics: A Simple Mathematical Model. 83 pp. 1075–1088.
Spiske, M., Piepenbreier, J., Benavente, C., and Bahlburg, H., 2013, Preservation
potential of tsunami deposits on arid siliciclastic coasts: Earth-Science Reviews, v.
126, p. 58–73, doi: 10.1016/j.earscirev.2013.07.009.
Synolakis, C.E., Bernard, E.N., Titov, V. V., Kânoǧlu, U., and González, F.I., 2008,
Validation and verification of tsunami numerical models: Pure and Applied
Geophysics, v. 165, p. 2197–2228, doi: 10.1007/s00024-004-0427-y.
Szczuciński, W., 2012, The post-depositional changes of the onshore 2004 tsunami
deposits on the Andaman Sea coast of Thailand: Natural Hazards, v. 60, p. 115–133,
doi: 10.1007/s11069-011-9956-8.
Troels‐Smith, J., 1955, Characterization of unconsolidated sediments: Geological Survey
of Denmark, Series IV, v. 3, no. 10, 73 p.
Watanabe, T., and Kokot, J., 1960, Los movimientos sísmicos del mes de mayo de 1960
en Chile: Anales de la Facultad de Ciencias y Matemáticas, v. 17, n. 17, p. 39-87
Weischet, W., 1960. Contribuciones al estudio de las transformaciones geográficas en la
parte septentrional del sur de Chile por efecto del sismo del 22 de mayo de
1960: Anales de la Facultad de Ciencias Físicas y Matemáticas, v. 17, p. 91-128.
Weischet, W., 1963, Further Observations Of Geologic And Geomorphic Changes
Resulting From The Catastrophic Earthquake Of May 1960, In Chile: Bulletin of the
Seismological Society of America, v. 53, p. 1237–1257.

77

Wentworth, C.K., 1922, A Scale of Grade and Class Terms for Clastic Sediments: The
Journal of Geology, v. 30, p. 377–392, doi: 10.1086/622910.
Wright, C., and Mella, A., 1963, Modifications to the Soil pattern of South-Central Chile
Resulting from Seismic and Associated Phenomena During the Period May to
August 1960: Bulletin of the Seismological Society of America, v. 53, p. 1367–
1402.

78

APPENDICES
APPENDIX A
Stratigraphy description at Nigue Norte
Nigue Norte is located on the north side of the bedrock hill north of Nigue Sur
(Figure A1). The site lies behind a coastal ridge of sand dunes where there is a pond
immediately landward of a low saddle in the dune ridge. The pond appears to be a
scoured pool that could have been eroded when the dune ridge was overtopped during the
1960 tsunami. The stratigraphy in the marsh that lies landward of the pond consists of an
upper modern soil overlying the 1960 tsunami sand deposit. The 1960 tsunami deposit
consists of a clean, oxidized medium sand, with a sharp lower contact and a gradual
upper contact in most sites. The 1960 tsunami deposit was traced inland to a maximum
distance of 650 m from the shoreline, at which point it thins to less than 3 mm and is no
longer detectable. Underlying the 1960 sand unit is a dark brown organic silt layer.
Further down, at depths ranging from 132-192 cm, is a fine, bluish-gray wet sand that we
correlated to Stratigraphic Zone #3 in Nigue Sur site. We did not find Sand Layers B and
C or the buried silt layers of Zone #2 in any of the multiple cores at Nigue Norte.
Nigue Norte has experienced considerable shoreline migration in the last 60 years.
In 1944, the shoreline was almost 500 m seaward from its present location. It had eroded
slightly by 1961, but the rate has increased significanctly in recent years. Between 2005
and 2019, the shoreline regressed up to 200 m (Figure A1). According to conversations
with local residents, the shoreline suffered accelerated shoreline erosion after a series of
winter swells sometime shortly after 2010.
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Figure A1: Shoreline changes in Nigue Norte and Nigue Sur traced from aerial
photographs (1944 and 1961) and satellite imagery (2005).
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